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ABSTRACT

In this work, two lightweight structures - lattice structures and metal matrix
syntactic foams (MMSF) - were studied. Honeycomb lattices were manufactured by
powder bed selective laser melting (SLM) from 304L stainless steel. The wall thicknesses
of these structures ranged from 0.2 to 0.5 mm. Surface roughness was the primary cause
of dimensional mismatch between the expected and as-built structures with an average
wall thickness increase of 0.12 mm. The strength of the honeycombs increased with
increasing wall thickness. A feature of the SLM microstructure, the melt pool boundary,
was also studied as a part of this work. 3D models of the melt pool boundary network
were developed. The goal of this study was to determine if the melt pool boundary
significantly affects elastic or plastic properties in SLM materials. The study found a
negative correlation between the concentration of the melt pool boundary network and
the yield strength. The melt pool boundaries also seem to contribute to anisotropic plastic
deformation. The copper matrix syntactic foams studied in this work were manufactured
using low-pressure binder injection molding. The binder was a water-agar-glycerin gel
optimized to achieve the highest sintered density for metal matrix syntactic foams.
Syntactic foams use hollow or porous particles as their filler material. The two fillers
used here were porous silica and bubble alumina, selected for their extreme differences in
size, material, and porosity distribution. Three samples for each filler with increasing
filler volume fraction were manufactured. The specific strength of the copper-porous
silica samples increased with increasing volume fraction. The copper-alumina bubble
sample greatly improved the impact resistance of the foam at low filler volume fraction.
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SECTION

1. INTRODUCTION

1.1. INTRODUCTION AND RESEARCH OBJECTIVES
Porosity is often considered a defect in a material, but with careful engineering, it
can be turned into a strength. Generally, structural properties such as strength and
stiffness increase as material density increases [1]-[6]. Material design charts produced
by Ashby [7] plot this relationship for many materials. The goal of lightweight structural
material design is to create materials have higher structural property to density ratios
compared to other materials. By controlling porosity or other density-decreasing
additives, such materials can be designed. [1], [2], [7]-[10]. This work investigates two
different structure-controlled materials - lattice structures and metal matrix syntactic
foams.
Lattice structures are porous foams with engineered geometry. [1], [10].
Periodicity is beneficial for these structures in that the properties are more predictable. A
unit cell, a shape translated and repeated in 2 or 3 dimensions where each cell is on the
micro to meso length scale, is one of the simplest lattice structure designs. This design is
often inspired by crystal lattice structures and trusses [1], [11]. Lattice structure designs
also include graded cellular structures, unit cells with curved surfaces, auxetic unit cells,
and more [2], [10]-[13]. Lattice structures are typically manufactured using either
investment casting or an additive manufacturing (AM) method. Selective laser melting
(SLM), a powder bed AM process, is often used to make complex lattice structures that
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are not otherwise possible to fabricate. The powder bed process is ideal for these
structures as the powder can support the lattice while it is built. The literature includes
much research on the process-microstructure-property relationship, but there are aspects
of that relationship that are poorly defined [14]—[16]. One aspect involves a
microstructure feature known as the melt pool boundary. The fish-scale shape of a
solidified melt pool is a well-known feature of the SLM process, and it appears in nearly
every as-built, etched micrograph of SLM materials. The early literature on the melt pool
boundary indicates that may be a failure point in the structure [16]—[19]. The effect of the
melt pool boundary may be magnified in the thin features of the SLM lattice structures.
SLM-manufactured lattice structures are also vulnerable to dimensional mismatch and
surface roughness, demanding rigorous optimization and analysis be performed on the
structures [20].
Metal matrix syntactic foams are three-phase particulate composites. The MMSF
consists of a metal matrix embedded with hollow or porous filler particles — usually
ceramic or glass. Porosity in these composites is controlled by the particle size of the
filler. The filler surrounds the porosity, shielding the metal matrix from the pores. The
filler also reinforces the matrix as in solid metal matrix composites [8]. These materials
have a wide range of potential applications through the primary research vector has been
lightweight structural applications [21]-[25]. Heat sinks, electrical and vibrational
shielding, ballistic armor, packaging, and other applications are other potential uses for
these materials [4], [5], [26], [27]. The design of MMSF materials is limited by sources
of porous or hollow filler material, material compatibility between the phases, and
manufacturing the composites [9], [28], [29]. Porosity-containing filler powders are not
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available in a wide variety of sizes, materials, or densities. The ones that are available are
not compatible with every matrix material or process. For good material compatibility,
both the filler and the matrix must survive the melting or sintering process without
undesirable diffusion, corrosion, or interfacial reactions. There are three main processing
techniques used for MMSF manufacturing. These are stir casting, pressure infiltration,
and binder injection molding [5]. Injection molding is the method used in this work. In
this technique, the metal and filler powders are combined with a binding agent to form a
slurry. This slurry is then injected into a mold. Parts are densified by sintering. Slurry
segregation, matrix porosity, and material compatibility during sintering are the key
challenges to overcome with this processing technique.
The knowledge gaps targeted in this research included the process-microstructureproperty relationship in SLM lattice materials and injection molded metal matrix
syntactic foams. This work expanded the body of research involving structure-controlled
lightweight structural materials. Four papers were written that each address a specific
objective, as follows:
1. Identify key build quality control issues in SLM lattice structures and study
their effects on the properties of the lattice.
2. Study an aspect of SLM microstructure that has received little attention in the
past, the melt pool boundary, and determine the effect of the melt pool boundary on
anisotropic material properties.
3. Develop a water-based binder for use in a low-pressure injection molding
processing, specifically optimized to decrease matrix porosity in a metal matrix syntactic
foam.
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4.

Determine the effect of filler material and volume percent on the properties and

manufacturing of metal matrix syntactic foams.

1.2. LATTICE STRUCTURES
Lattice structures are designed by manipulating the meso-scale geometry of the
material. Many unit cell lattice structures are trusses derived from crystal lattice
structures. Honeycombs are common 2D structures based on the HCP structure [30].
Cubic truss structures, based on BCC or FCC structures, are common 3D lattice unit cells
[10], [11], [31]-[33]. Other designs include curved surfaces such as gyroids and non
crystal structure inspired truss designs like the octet truss [2], [10]—[12], [34], [35].
Figure 1.1 shows a honeycomb, a BCC truss, and a gyroid unit cell. The unit cell design
can be optimized by grading the unit cell density if, for example, certain areas of a part
need to take more load than others or if successive failure of the part is desired. Density
grading can be done by changing the strut size or the unit cell size in the target area [36].
A critical part of the lattice structure design process is modeling the mechanical
properties. The mechanical properties of lattice structures are geometry-dominated [30],
[34], [37]. For example, honeycomb structures are stronger vertically than in-plane with
the honeycomb octagons, regardless of the material used [38]. The unit cell properties
can be modeled with mathematics, but modern tools - such as finite element analysis
(FEA) - are more common [1], [10], [20], [30], [31], [34], [35], [37], [38]. A
representative volume element can be used to model the structure, rather than an entire
part. Unit cell designs are particularly useful for research and development if a part is not
yet envisioned for a specific application or if the part shape is confidential.
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Figure 1.1: Three unit cell designs are shown- A) a 2D honeycomb, B) a BCC truss, and
C) a gyroid.

Lattice structures can be manufactured using investment casting or an additive
manufacturing technique [10], [39]. Some 2D lattice structures can be made using
extrusion as well [39], [40]. Investment casting of lattice structures is time-consuming
and costly. The molds used for this method are made by coating a sacrificial polymer in
ceramic slurry. After the polymer is removed, the mold is filled with a suitably fluid
metal [4]. This method is well-understood in the literature, but the strut size and
complexity are limited by the flowability of the molten metal. Sheet folding and welding
can be used to make some lattice structure designs. In this method, sheets of metal are
deformed into the desired shapes then welded together. Powder bed selective laser
melting (SLM) is an excellent method of manufacturing lattice structures on a small scale
[10], [14]-[16]. The powder bed supports the lattice as it is built, and it can also be easily
removed from an open-celled lattice structure after building. The laser used as a heat
source is precisely controlled and capable of printing thin features on the order of a
hundred microns. The laser melts powder in a pre-determined path, layer by layer, with
fresh powder spread over the bed after each layer. This is known as the laser scan pattern.
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The melt pool that forms from the melted powder solidifies rapidly as it cools. The size
and shape of the melt pool depends on the laser energy, residual heat from the
surrounding powder and dense part, and the properties of the material.
Research into the process-microstructure-property relationships in SLM parts is
active, and the majority is focused on the process parameter influence on properties [15],
[16], [18], [41]-[46]. The distinctive fish-scale microstructure of SLM materials is a
result of the laser scan pattern used to make the part [15], [16], [44], [45], [47], [48]. In
steel alloys, the solidified melt pools are outlined by a thin feature, called the melt pool
boundary, with a cellular sub-grain structure inside the melt pool. [16]—[19]. Figure 1.2
shows these microstructural features. Literature on the melt pool boundary seems to
indicate that it is a weak feature in the material. For example, cracks in fractured SLM
material may follow the melt pool boundary [19], [49]. Grains in SLM materials are often
columnar and grow in the build direction, often through several melt pools. These grains
are often oriented in the same direction [15], [16], [18], [48]. Porosity defects are usually
related to the powder, assuming other variables are optimized [45], [50], [51]. Gases and
water trapped between or inside particles can cause inclusions and gas porosity [11],
[51]-[53] All of these and more variables affect the final SLM material [47].
For lattice structures, the SLM process parameters are tuned for different goals
than in bulk parts [11], [54]-[56] Lattice structures have both high surface area and
geometry-dominated properties. The SLM process parameters should be tuned to reduce
dimensional mismatch between the intended and as-built geometry in these materials.
Dimensional mismatch can occur in several ways. Surface roughness can increase the
volume and mass of the structure enough to change the unit cell density. It also causes
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Figure 1.2: An optical micrograph of the as-built SLM microstructure of 304L stainless
steel, etched electrolytically in a 60:40 nitric acid: water solution.

local variation is strut width [20], [35]. The surface roughness of SLM parts comes in two
forms. First, un-melted powder welded to the surfaces of the struts is a relatively uniform
addition to the surface of the part. Second, melt pools at the edges of the part can also add
a rippled texture to the surface of the part from surface tension. Models that include a
variable strut diameter more accurately match experimental data, indicating that the
variation has a significant effect on the properties [31]. Dimensional mismatch can also
be caused by misprinting due to design limitations. Overhangs and smooth curved
surfaces can fail or include stair-stepping. Each machine has a lower limit on part width.
The melt pool size may be on the order of the width of a feature, which may mean that
the overlap between melt pools should to be adjusted to hit the target dimension of that
feature or vice versa [55]. Closed internal spaces will be filled with powder. For the
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lattice structure, any unit cell should be tested for printability before printing a full part
[31], [33]. Also, it is often appropriate to attempt to model the actual as-built shape of the
printed part if time and cost allow [20], [55].

1.3. METAL MATRIX SYNTACTIC FOAM
Metal matrix syntactic foams (MMSFs) are particulate composites with
lightweight structural applications. The filler particles used in these materials contain
porosity which lightens the structure. Figure 1.3 shows an example of the MMSF
microstructure. MMSFs can be tailored to a specific application by changing the matrix
material, filler material, filler volume fraction, and filler shell thickness. The notable
lightweight structural properties of these materials are their excellent energy absorption,
specific strength, and specific stiffness [9], [24], [25], [28], [57]-[59]. These materials
can also have properties of both closed-celled foams and metal matrix composites as
well, such as wear resistance, vibrational damping, electrical and thermal conductivity,
and more [4], [26], [60]-[62].
Material compatibility between the filler and the matrix material is vital to the
quality production of MMSF parts. Many defects in these materials occur between the
matrix and filler during processing. Defects include unwanted porosity in the matrix,
fractured hollow spheres, unwanted matrix-filler interactions, and density gradients [21],
[25], [63]-[66]. The metal matrix is in contact with the filler during processing, usually at
high temperatures. This can cause chemical reactions between the matrix and filler inclusions, diffusion, and corrosion [21], [25], [28], [57], [67]-[69]. Certain metal-filler
combinations are particularly detrimental, such as alloys with very high oxygen affinities
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Figure 1.3: A SEM image of a copper and alumina bubble syntactic foam.

(aluminum, for example) paired with oxide-containing ceramic or glass fillers. Beneficial
grain refinement can occur as well near the surface of the filler [26]. Because of their
relatively low softening temperature, many glass hollow spheres soften at the required
processing temperatures, which can collapse the internal porosity. [70], [71]. Pure silica,
which has a high softening temperature, can dissolve alloying elements from the metal
that lower the softening point of the glass [72].
There are two main types of porosity-containing filler materials available. First,
there are naturally occurring or by-product fillers. These include expanded clay/perlite
and fly ash cenospheres [29], [59], [73], [74]. The fly ash cenospheres in particular are
widely utilized MMSF filler materials because they are otherwise a waste product [9],
[75]. Naturally occurring fillers usually contain impurities; are often an aluminosilicate
with glassy phases; and may contain fractured particles and porous shell walls [22], [23],
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[26], [28], [57], [60], [61], [65], [69], [76], [77]. Second, hollow filler materials
manufactured in a laboratory are available. Ceramic hollow spheres tend to be larger than
0.1 mm in size which may not be acceptable for all processing techniques [21], [25], [67],
[68]. Glass and metal hollow spheres are also available [58], [66], [70]-[72], [78]. Glass
filler can be available in smaller particle sizes than the ceramic spheres. The available
selection of hollow or porous filler limits the matrix materials and processes that can be
used [79].
The manufacturing of MMSF materials requires balancing several competing
factors. First, the filler particulates should be well-dispersed in the material. The filler
particles have very low density (less than 1 g/cm3) compared the matrix, so they tend to
float or segregate out of mixtures. Second, the particulates should keep their internal
porosity intact. The porosity can collapse if the particles soften or melt during processing.
The particles can fracture from mechanical stresses during processing. The matrix
material can infiltrate the pores if the shell wall is porous or corroded away. As a
corollary to the second factor: the selected manufacturing technique should be a near-net
shape process as subtractive machining will expose the filler porosity. Third, matrix
porosity should be eliminated from the material so that only the (controlled) filler
porosity remains.
With these criteria and restrictions, there are few processing techniques that can
be used to manufacture MMSF materials. Stir casting is one of the more popular methods
of making MMSFs in the literature [26], [57], [60], [61]. In this method, an impellor is
used to mix the filler into molten metal. The filler tends to float due to low density, so the
casting and cooling of the MMSF must be rapid. The impellor can fracture the filler due
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to high shear forces. Further, this process only works with castable metals. Another
common processing method is infiltration [21]-[23], [25], [26], [28], [67], [68], [74],
[76], [80]. In this method, a bed of the filler is infiltrated by the molten metal with or
without pressure assistance. Infiltration can leave matrix porosity behind if the wetting
between the filler and the metal is poor or if the metal has a high viscosity. If the
infiltration pressure is too high, the filler can fracture. Powder metallurgy methods such
as binder injection molding are less common in the literature [78], [81]-[83]. In injection
molding, the filler, metal, and binder will tend to segregation while the slurry is non-solid
[66], [84]. Further, the hollow spheres can fracture if the shear forces during
compounding are too high [78]. The sintering temperature can also be an issue. If a
liquid-phase sintering process is used, it can affect the filler similar to the melt processes.
If no liquid phase is used and no pressure, then matrix porosity can be an issue.

1.4. ORGANIZATION OF DISSERTATION
An outline of this dissertation’s research objectives was given in Section 1.1. The
background research on lattice structures and metal matrix syntactic foams was reviewed
in Section 1.2 and 1.3. Four papers, each addressing one of the research objectives, were
included in this dissertation.
The first paper focused on the characterization and compression testing of SLM
honeycomb structures with increasing wall thickness. The dimensional mismatch
between the 3D model of the honeycomb structures and the as-built specimens was
thoroughly characterized. The effect of wall thickness on the mechanical properties of the
honeycomb lattice structures was investigated.
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In the second paper, the melt pool boundary network, a microstructural feature of
the SLM process, was investigated. This feature is not well understood in the literature,
though a growing body of research indicates that it does influence the properties of SLM
parts. The melt pool boundary network was modeled using 3D software. The correlation
between this feature and the elastic and plastic properties of selective laser melted 304L
steel was investigated.
The third paper shifted the focus from lattice structures to metal matrix syntactic
foams. A water-based binder suitable for low-pressure injection molding of MMSF
material was developed. MMSF samples with a porous silica filler and a copper matrix
were produced and characterized.
The fourth paper used the process developed in the third paper to test the impact
of two different fillers on the foam properties. The porous silica and alumina bubble
powders were selected for their differences in size, material, and porosity distribution.
The contrast strongly showed the strengths and weaknesses of the two types of filler. The
effect of filler material and volume fraction on the yield strength and impact energy of
the MMSF materials was studied.
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PAPER

I. BUILD ACCURACY AND COMPRESSION PROPERTIES OF ADDITIVELY
MANUFACTURED 304L HONEYCOMB

ABSTRACT

Purpose: Thin walled metal honeycomb structures made with a selective laser
melting process were analyzed for their build quality and compression properties in this
study. The honeycombs were tested over increasing densities. Methodology: The density
of the honeycombs was changed by increasing wall thickness of each sample. The
honeycombs were tested under compression. Differences between the CAD model and
the as-built structure were quantified by measuring physical dimensions. The
microstructure was evaluated by optical microscopy, density measurements, and
microhardness. Findings: The Vickers Hardness (HV) of the honeycomb structures was
209±14 at 50g load. The compression ultimate and yield strength of the honeycomb
material were shown to increase as the wall thickness of the honeycomb samples
increased. The specific ultimate strength also increased with wall thickness, while the
specific yield stress of the honeycomb remained stable at 42 ± 2.7 MPa/g/cm3. The
specific ultimate strength minimized near 0.45 mm wall thickness at 82 ± 5 MPa/g/cm3,
and increased to 134 ± 3 MPa/g/cm3 at 0.6 mm wall thickness. Value: This work
highlights a single lightweight metal structure, the honeycomb, built by additive
manufacturing. The honeycomb is an interesting structure because it is a well-known
building material in the lightweight structural composites field, but is still considered a
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relatively complex geometric shape to fabricate. As shown here, AM techniques can be
used to make complex geometric shapes with strong materials to increase the design
flexibility of the lightweight structural component industry.

1. INTRODUCTION

Additive manufacturing (AM) research continues to be popular as interest in
metal AM grows. However, the expensive trial and error adjustment of process
parameters to tune properties prohibits many industries from utilizing AM. [1], [2] Trial
and error procedures are usually done when there is not enough information about a
process to accurately model it. Accurate models require investigation into how process
parameters affect the as-built geometry and microstructure of a part and how those
features, in turn, affect the properties.[3] As accurate models of the AM processes are
built and validated, the cost to design and fabricate new components is reduced. This
paper explores how the as-built geometry of a lattice structure differs from the CAD
model, and how changing the geometry of the part affected the compression properties.
This structure was chosen due to increasing need for lighter transportation equipment especially in aerospace - which requires high specific stiffness and specific strength
materials. AM-built metal lattice structures are of particular interest due to the design
flexibility of AM.
Additive manufacturing is commonly used to make complex geometries sometimes with internal features or convoluted patterns. A gyroid is a good example of
one such shape. [4] One issue with making these parts is that many of them are not
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machine-able after building. While this may be less of a problem in wire-fed systems,
many AM processes involve the use of metal powder. Powder particles can weld to the
surfaces of the part and become trapped in internal features during printing. Both of these
issues can affect the properties and performance of the part. Further, AM is a layer-by
layer process. The layers create a ‘stair-step’ pattern on the surface of a part, contributing
to the surface roughness. Another issue is anisotropy due to the layering of the melt pools
- which adds the build direction to the list of variables that alter the mechanical
properties. All of these features can be controlled by process parameters, and powder (or
wire) quality to some extent. [5], [6] Models of melt pool formation and the resulting
effect on the surface quality have been done with some success. [7], [8]
Beyond the surface features, the internal features such as the solidification
structure, the dislocation and porosity distribution in the part, and the residual stress must
also be identified. [9] produced an in-depth characterization of the AM stainless steel
microstructure. These internal features are clearly tied to the process parameters (such as
laser power, scan speed, scan pattern, etc.), but how they are correlated is a complex
subject. For example, [10] found that remelting the layer increased density and reduced
surface roughness, and they determined the microstructural change associated with this
process. [11] found that residual stress can be controlled partially through part
orientation, energy density, and part spacing.
There are several particular challenges involved in additively manufacturing
lattices. For example, [12] found that there is a mechanical property drop when
transitioning from a thick to thin walled structures. This drop can be altered by improving
process parameters for thin walled parts. Their work suggests that surface quality is
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increasingly important as wall thickness decreases. A design challenge in AM lattice
structures is that they must be self-supporting. A schoen gyroid and the schwatz diamond
are both examples of self-supporting lattices used in the literature. [13] Some lattice
geometries must be built in a particular orientation, or avoid a particular orientation.
Honeycombs, for example, cannot be built with the hexagons perpendicular to the build
plate without overhang problems. During mechanical testing, the strain can be difficult to
measure due to the lack of flat surfaces to which an extensometer can be attached. One
method of accurate strain measurement differential image correlation (DIC). [14] These
and other issues can make design and development of AM lattices difficult.
This study involves investigation of a component with a complex, but relatively
well-understood geometry. Two-dimensional honeycomb samples were printed in a
selective laser melting process. 304L stainless steel powder was used as the printing
medium. The build quality and microstructure were evaluated using a variety of methods
including hardness, microstructure, and dimensional differences between the as-built and
CAD model. The samples were then tested under compression.

2. METHODOLOGY

2D honeycombs were built with a Renishaw AM 250 powder bed system. 304L
stainless steel powder was used - a detailed analysis of which was published by [15]. The
powder was sieved before use to remove any particles above 63 microns in diameter. The
Renishaw uses a 1070 nm NdYAG laser. The following build parameters were kept
constant throughout the experiment: laser power of 200W, spot size of 70 p,m, layer
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thickness of 50 p,m, hatch spacing of 85 microns, point distance of 60 microns, scan
speed of 800 mm/s, and flowing argon gas. It should be noted also that the Renishaw
AM250 uses a point-to-point laser pattern, not a continuous laser pattern.
An example of the CAD model for a honeycomb specimen can be seen in Figure
1. The figure shows labels for the cell size (C), wall thickness (t), height (Z), length (L),
and width (W) of the specimen. Four different samples were printed, with 15 specimens
per sample. The cell size remained constant at 3.97 mm, and the wall thickness was
varied from 0.1 to 0.5 mm. All the relevant CAD model dimensions are shown in Table
1. The specimens with 0.1 mm wall thickness were visibly porous, and were not used for
further experimentation.

L

W

C

T

Z
Figure 1: The CAD model for the H2 honeycomb specimens, where the relevant
dimensions are labeled.

Calipers were used to measure the dimensions listed in Table 1. Each
measurement was taken three times in random positions across each of the 15 specimens
per sample set. Comparison between the as-built geometry and CAD model was done
using t-tests at 0.05 significance level. Two measurements of density were done. First,
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Archimedes’ method was used, with isopropyl alcohol as the immersion liquid. Second,
the density of the honeycomb was found via a geometric measurement. This calculation
assumes the volume of the honeycomb as a cube.

Table 1: The nominal and measured dimensions for the honeycomb samples. Nominal
dimensions are in bold.
H1

H2

H3

H4

Nominal Wall Thickness (mm)

0.2

0.3

0.4

0.5

Measured Wall Thickness

0 . 3 ± 0 .0 1

0 .4 4 ± 0 .0 2

0 . 5 2 ± 0 .0 2

0 . 5 9 ± 0 .0 2

Nominal Cell Size (mm)

3.97

3.97

3.97

3.97

Measured Cell Size

3 .8 5 ± 0 .0 2

3 . 8 2 ± 0 .0 3

3 .8 4 ± 0 .0 2

3 . 8 3 ± 0 .0 2

Nominal Height (Z)

25.4

25.4

25.4

25.4

Measured Z (mm)

2 6 . 7 3 ± 0 .0 9

2 6 . 3 1 ± 0 .7

2 6 . 8 6 ± 0 .0 7

2 6 . 1 8 ± 0 .6 9

Nominal Width (W)

25.15

25.73

24.38

20.83

Measured W (mm)

2 5 . 2 9 ± 0 .0 4

2 5 . 8 4 ± 0 .1 5

2 4 . 2 7 ± 0 .0 4

2 0 . 9 9 ± 0 .0 4

Nominal Length (L)

26.67

27.28

26.67

22.86

Measured L (mm)

2 6 . 6 5 ± 0 .0 5

2 7 . 3 7 ± 0 .0 6

2 6 . 7 3 ± 0 .0 5

2 2 . 9 4 ± 0 .1 4

Microhardness was measured with ASTM E384-17. A Vicker’s indenter at 50g
load was applied to polished and etched specimens. The microhardness was found across
several specimens in multiple locations. Optical microstructure images of select
specimens were taken before and after compression testing. Specimens were
electrolytically etched in a 60:40 nitric acid: water solution.
Compression in the z-direction was done according to ASTM C365. Five
specimens from each sample set were tested. Specimens were loaded between two
parallel platens at a rate of 3 mm/minute. Strain was not directly measured, due to sample
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constraints, but was instead measured from the LVDT of the machine and normalized to
the starting height of the specimen. Because of this, accurate measurement of the
modulus could not be done using this data. The compression stress was calculated using
Equation 1, noted as the stress of the honeycomb, and also by using Equation 2, noted as
the stress of the solid material. The specific stress was calculated using Equation 3. The
ultimate stress is defined as the maximum stress the honeycomb AM produced structure
withstood prior to plastic failure. The 2% offset yield stress was calculated using
MATLAB code.
O
M
ij

as

—

_
—

F
W*L

Equation 1

F*ps
W*L*pp

Equation 2

X—^
PH

Equation 3

where oh is the honeycomb stress, F is the load applied, Wis the width of the specimen, L
is the length, is the os is the stress in the cell walls, ps is the density of the solid material,
Ph is the density of the honeycomb, and X is the specific stress.
As stated, Equation 2 determines the stress in the solid material, or the stress in
the cell walls. The derivation of Equation 2 is as follows:
p

os — —

Equation 4

where As is the cross-sectional area of the solid portion of the honeycomb. As can be
derived from the density of the material as shown in Equation 5.
Ps

m

H*A

Equation 5
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where H is the height of the honeycomb and m is the mass. The density of the honeycomb
(Equation 6) was used to bring Equation 2 into a similar form as Equation 1. Equation 7
shows the final form of As.
pH = ——
—
h*w *l

Equation
6
n

.A^c = ——
—
—
W*L*ps

Equation
7
n

3. RESULTS AND DISCUSSION

Table 1 shows the CAD model dimensions of the honeycombs (notated as
nominal) and the average and standard deviation of the as-built dimensions. All measured
values were found to be significantly different from the CAD model dimensions (t-test,
a=0.05. The overall width and length of the honeycombs were less than 1% different than
the nominal dimensions. The cell size, height, and wall thickness measured dimensions
were all larger than the nominal dimensions by more than 1%. The most likely reason for
the height mismatch is a post-processing error. An EDM was used to remove the
specimens from the build plate, and care was not taken to perfectly match the CAD
model’s height. For the cell size and wall thickness dimensions, the presence of unmelted
particles sintered to the surface of the walls is likely the majority of the discrepancy.
These particles can be seen with the naked eye. Figure 2 is an example of the surface of a
honeycomb wall, as shown by an optical microscope with the ability to capture depth.
Because the maximum particle size of the powder is 63 microns in diameter, the cell size
and wall thickness measurements can be adjusted to account for the particles. These
adjustments, shown in Table 2, significantly reduced the differences between the nominal
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and as-built dimensions. This is especially true of the cell size, where the difference was
reduced below 1%.

Figure 2: The surface of a honeycomb wall, shown to highlight the presence of particles
sintered to the walls.

Table 2:The measured wall thickness and cell size values, adjusted to correct for particles
sintered to the walls
H1

H2

H3

H4

Nom inal W all Th ickn e ss (m m )

0.2

0.3

0.4

0.5

M easured W all Thickness

0.3±0.01

0.44±0.02

0.52±0.02

0.59±0.02

% D ifference from Nom inal

51.0%

46.7%

29.8%

18.2%

Particle Size A djustm ent

0.18±0.01

0.31±0.02

0.39±0.02

0.46±0.02

% D ifference from Nom inal

-12.0%

4.7%

-1.7%

-7.0%

Nom inal Cell Size (m m )

3.97

3.97

3.97

3.97

M easured Cell Size

3.85±0.02

3.82±0.03

3.84±0.02

3.83±0.02

% D ifference from Nom inal

3.1%

3.8%

3.3%

3.4%

Particle Size A djustm ent

3.97±0.02

3.95±0.03

3.96±0.02

3.96±0.02

% D ifference from Nom inal

0.1%

-0.6%

-0.2%

-0.2%
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There are potentially two other mechanisms that could contribute to the mismatch
between the as-built and nominal wall thickness. First, the natural surface roughness of
the wall, not including particles sintered to the wall. An accurate accounting of this
surface roughness could not be done due to the many particles clinging to the walls.
Second, the melt pool size and hatch spacing of the process are set prior to printing, and
were not adjusted to account for the thin wall specimens. It is likely that these melt pool
widths did not perfectly match the sizes intended by the CAD model. To check this, the
width of the honeycomb wall was calculated from the maximum width of the melt pool,
the number of laser tracks in each wall thickness, and the hatch spacing of the laser
tracks. The number of tracks is known from the microstructure, and the hatch spacing is a
set build parameter. The maximum width of the melt pool, however, is not easily
determined. The ‘top’ surface of the melt pool is the area of greatest width, and this area
is remelted in subsequent layers. Thus, direct measurement of the maximum width of the
melt pool is not possible using microstructure images. An approximation of the
maximum melt pool width can be made by measuring the width of the visible melt pool
structure. This was done with imageJ software and resulted in an approximate melt pool
width of 0.126±0.020 mm. The width of the wall can be calculated as shown in Figure 3
The melt pools are offset by the hatch spacing between laser tracks from the midpoint of
the melt pool. Table 3 shows the results of the calculation. The calculated widths are
within a standard deviation of the nominal, with the exception of the 5 mm specimen.
This data does indicate that for thin walled specimens, the wall thickness of the as-built
structure can differ from the CAD model simply due to the melt pool track width. Out of
hatch spacing, melt pool size, and number of laser tracks, the hatch spacing could be
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altered to accommodate the thin walls the most easily. Any change to the build
parameters could significantly alter the density of the part, however, so care should be
taken.

Half melt pool width
Figure 3: The width of a wall can be indirectly calculated from the number of melt pool
tracks across it, the hatch spacing, and the average width of a melt pool as shown in the
figure.

Table 3: The calculated width of the honeycomb walls using the number of melt pool
tracks, width of an average melt pool, and hatch spacing.
H1

H2

H3

H4

Number of tracks

3

4

5

7

Nominal width (mm)

0.2

0.3

0.4

0.5

Calculated width (mm)

0.21 ± 0.2

0.30 ± 0.2

0.38 ± 0.2

0.55 ± 0.2
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The density of the cell wall material - measured by Archimedes’ method - was
between 95% and 99% dense across all specimens. There was some evidence of lack of
fusion porosity in the walls. The density of the honeycomb, including the void space
within the cells, is listed in Table III. As the wall thickness increases, the density also
increases.
Images of the microstructure of the honeycombs can be seen in Figure 4. The
white arrow indicates the build direction and the black arrows indicate melt pool
boundaries. The dark phase visible in the etched micrographs is a cellular microstructure,
a result of fast solidification. It should be noted that two laser parameters were used to
build these structures. The first is optimized to reduce surface roughness, known as the
‘border scan’. This is done only on the outer surface of the component. The second set of
parameters is optimized to improve density and is done inside the component. Due to the
feature size of these parts, and the width of the melt pools, the border scan dominates the
majority of these structures. This could be detrimental to the properties of the honeycomb
samples. Columnar grains that crossed melt pools parallel to the build direction were
also observed as shown in Figure 5 shows some of these features.
The microhardness was evaluated for samples H1 and H2 in four different
locations- the border scan along the L-Z plane, the midpoint between two walls in the WL plane, the midpoint in the L-Z plane, and across the L-Z plane. A schematic of each
location is shown in Figure 6. The location of measurement did not appear to have a
significant effect on the test results (F-test, 95% confidence interval). The most notable
aspect of this test is that any difference between the border scan and the internal portion
of the cell wall could not be resolved using this test. This could indicate that the two
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different scans did not notably affect the properties of the honeycombs. The 304L
honeycomb had a Vicker’s hardness (HV) of 209±14 at 50g load. Using the same set-up,
wrought 304 was also measured, with a HV of 237±9 at 50 g load.

A

B

C

D

20 pm

Figure 4: Etched micrographs of honeycomb specimens where build direction is indicated
with white arrow and melt pool edges are pointed out with black arrows. A and B) 0.3
mm nominal thickness, image of the triple point where three struts meet. C and D)
Crossection of a 0.4 mm nominal thickness honeycomb.

An example of the honeycomb stress-strain curves is shown in Figure 7. There are
six regions of interest indicated on the graph. Region 1 is the toe region, which is an
artifact of the compression testing equipment. Region 2 is the elastic region, from which
the modulus values were found. Region 3 is the yield stress of the honeycomb. Region 4
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Figure 5: Columnar grains that cross the melt pools were observed, and two of these
features are marked by black lines. The build direction is indicated by a white arrow.

Figure 6: A schematic of the locations from which hardness measurements were taken is
shown. A) is the top of three honeycomb cells. B) is the cell wall of one honeycomb cell.
Straight black lines indicate where the hardness was measured.
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is a plastic deformation region. Region 5 is the ultimate strength, and region 6 is the
typical cycling behavior seen in most honeycomb compression testing. Further work in
this area will involve finite element modeling to predict the properties of other wall
thicknesses and geometries.

Figure 7: An example of the stress- displacement curves generated by the compression
testing. Six regions of interest are labelled.

Figure 8 shows an etched optical micrograph of a specimen after compression
testing. The failure of the honeycomb began at the mid-point of the cell walls by
plastically buckling. There was no evidence of cracking in the failure of these. An
interesting feature of this microstructure occurs near the compression side of the buckled
wall. The solidified melt pools along this side appeared to have been compressed and
elongated. This could indicate that there is a microstructure impact on these structures,
which typically have geometry-dominated properties. Work done by Wang et. al. [9] has
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shown there is evidence that a large number of dislocations exist within the melt pools of
a similar alloy after laser additive manufacturing, but little to no dislocations in the melt
pool boundaries. This microstructure behavior, along with the unique crystallographic
grain orientation and crystallographic texture present in SLM material may have
influenced the failure of the honeycombs. [16], [17] A thorough review of the
compression properties of 304L after SLM processing is future work for this project.

Figure 8: A buckled wall after compression testing. The build direction is indicated by an
arrow.

Figure 9 includes the stress data for the honeycomb samples, using Equation 1 to
calculate the stress in the sample. R-squared values on the figure indicate the fit to either
a 2nd order polynomial line or a linear line. The yield stress in the honeycomb appears to
increase linearly with wall thickness. The specific yield strength appears to stay relatively
level in the range tested. This indicates that the yield is noticeably influenced by the
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geometry of the specimen, but that the density increase with increasing wall thickness is
approximately equal to the yield increase. The ultimate strength of the honeycomb
appears to increase quadratically with the wall thickness. The specific ultimate strength
appears to do the same. The specific strength appears to reach a minimum between H1
and H2, but further testing is needed to confirm this. It is unknown, but expected, that a
maximum specific strength will occur outside the tested range. This would indicate an at
least 3rd order dependence on the wall thickness. More testing outside the range tested
here is needed to confirm this suspicion. Regardless of the trends, the specific properties
remained higher than fully dense 304L stainless steel, which has a specific yield of 26
MPa/g/cm3 and a specific ultimate strength of 70 MPa/ g/cm3 (both values in tension)
according to the ASM aerospace specification. [18]
Figure 10 includes the stress data for the honeycomb samples, using Equation 2
to calculate the stress. This gives the stress experienced by the cell walls during testing.
The yield stress within the cell walls remains relatively stable across the specimens. This
is indicating the yield stress of the AM 304L, which should remain constant. The tensile
yield strength of 304L with 0% cold working is 210 MPa. [18] The yield strength of the
AM material is higher than the conventional material at around 320 MPa, possibly due to
the large number of dislocations that typically form in AM stainless steels. [9] The
ultimate strength in the cell walls increases quadratically as the wall thickness increases,
however there appears to be a minimum between H1 and H2, similar to the specific
strength of the honeycomb. This data indicates that there is a relationship between the
geometry of the specimen and the ultimate strength. The failure and failure prediction of
these honeycombs was investigated in depth by Anandan et. al. [19].
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4. CONCLUSIONS

The thin-walled honeycombs manufactured in this study showed evidence of
deviation from the intended structure. This deviation exists both in the overall dimensions
of several samples and in the wall thickness and cell size of all the samples. Much of this
deviation can be attributed to particles sintered to the outer surfaces of the honeycombs.
The microstructure of the honeycombs was a typical AM microstructure. The
compression strength of the honeycomb and the solid material both increased from 92 to
267 MPa and 687 to 1052 MPa, respectively, with increasing wall thickness. The specific
compression strength of the honeycombs appears to reach a minimum of 82 ± 5
MPa/g/cm3 at 0.44 mm wall thickness with an increase to 134 ± 3 MPa/g/cm3 at 0.6 mm
wall thickness. The yield stress of the cell wall material was stable at 319 ± 16 MPa and
the yield stress of the honeycomb structure increased from 45 MPa to 83 MPa over the
wall thicknesses tested. The specific yield stress of the honeycomb structure was stable at
42 ± 3 MPa/g/cm3. Microstructural evaluation of the compression tested samples
identified the failure as plastic buckling of the cell walls.
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Figure 9: Yield and ultimate stress and specific yield stress of the honeycomb are shown
(Equation 1 was used to calculate the stress).
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ABSTRACT

Anisotropic mechanical properties are a well-known issue in selective laser
melted materials. The microstructure produced by selective laser melting is directional,
including the solidified melt pool structures and the grains. In this work, the melt pool
boundary's effects on 304L stainless steel's compressive properties were investigated. The
melt pool boundary effects were investigated experimentally and numerically. 304L
stainless steel solid cylinders were built in four directions using three hatch angle
rotations - 0°, 67°, and 105°. The twelve samples were compression tested, and the
results were analyzed. Results showed that both the hatch angle and build orientation
influenced the concentration of melt pool boundaries present in the manufactured
samples. A negative correlation of compressive strength to the melt pool boundaries'
concentration was also observed, indicating that the melt pool boundary negatively
affected the material's strength. Local anisotropic plastic deformation was also observed
in the 0° hatch angle samples in that the aspect ratio of the compressed cylinders was
greater than one. In those samples, it was observed that directions that plastically
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deformed more contained a higher concentration of the melt pool boundaries than those
that deformed less.

1. INTRODUCTION

Additive manufacturing (AM) is a useful method of fabricating components with
complex internal features. AM processes are particularly efficient in fabricating lowvolume, high-value components. [1]-[4] One popular AM technique for making metal
components is selective laser melting (SLM) [4]. In SLM, a powder bed is used to
support the structure as it is being built. The laser melts the powder in a specified pattern
which creates the part layer-by-layer. As the laser melts the powder, a melt pool is
created. The melt pools are overlapped to create the dense part, remelting some of the
previously melted material. This precisely controlled process can be used to create
intricate structures with thin walls, such as lattice structures, as well as bulk parts [5]-[9].
The microstructure of SLM materials has a distinctive fish-scale pattern [6], [10],
[11] . In steel alloys, the fish-scale pattern appears as a thin band around the edge of the
melt pool, known as the melt pool boundary (MPB). The interior of the melt pool often
solidifies into a cellular structure [6], [12]. The different features in the solidified melt
pool may or may not include a detectable chemical difference. Rapid cooling (recorded at
104 K/s for SLM [13]) leaves a large number of dislocations and residual stresses [6],
[12] , [14]. The combination of heat from the laser and the material’s thermal properties
adjusts the size and shape of a melt pool as it forms and the phases that form as it cools
[15], [16]. This melt pool is curved - a result of the Gaussian laser beam distribution and

36

surface tension [12], [15], [17]. The material solidifies from the edges of the melt pool
towards the interior of the melt pool. Often, grain will grow epitaxially in the build
direction through several melt pools [12], [13], [18]. These grains often have the same
crystallographic orientation [12].
The relationship between the SLM process, the microstructure, and the properties
is complex and subject to much investigation [6], [12], [13]. Anisotropy in particular has
been recorded in strength, fatigue, and other properties of SLM parts, across many alloys
[12], [13], [19]-[24]. The build orientation and the laser scan pattern are notable process
parameters that induce anisotropic properties. This is likely due to the influence these
process parameters have on the microstructure of SLM material [12], [13], [15], [25],
[26]. The laser scan pattern is the path the laser takes in each layer. In many cases, this
path is repeated in each layer, as much as the shape of the part allows, only rotated in
each subsequent layer to reduce periodicity. The build orientation of the part is the
orientation of the part on the build plate. These parameters determine the pattern the melt
pools form in the material. In their review of anisotropy in AM materials, Kok et al [19]
concluded there three microstructural factors that influence anisotropy in SLM materials.
These are crystallographic texture, lack-of-fusion porosity, and columnar grains. With the
possible exception of crystallographic texture, these features can be controlled with build
parameters. Lack-of-fusion can be reduced by changing hatch spacing and by increasing
melt pool depth. The grain size is controllable by varying laser power and scan speed
[19], [27].
There is a second school of thought regarding anisotropy which was explored by
Shifeng et al [10]. In their work, the melt pool boundary (MPB) was considered as the
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major influence on anisotropy. In this consideration, the MPBs allow for preferential slip
during deformation due to their low dislocation density [28]. This theory is supported by
Mower and Long [29], who concluded that the low fatigue strength and planar fracture of
their 316L samples was a result of the weak ‘build plane’. This theory was used to
explain the fracture behavior seen by Shifeng et al [10] as the crack path appeared to
follow the MPBs, rather than the grain boundaries.
In this work, the plastic deformation behavior of solid 304L cylinders was
analyzed. This work was initially done to support the development of a honeycomb
lattice structure failure model, published by Anandan et al [30]. During testing, the plastic
deformation of the cylinders was seen to be highly and visibly anisotropic. Further
investigation of the phenomenon has led to the investigation of the influence of build
orientation and scan pattern rotation on the elastic and plastic mechanical properties of
304L steel. Fashanu et al [31] investigated this topic from a property - parameter point of
view. This work aims to correlate property - microstructure- and parameters. A model of
the melt pool boundary network was created to facilitate this understanding, and the
results of this model were correlated to experimental test results.

2. MODELING

The melt pool boundary network (MPBN) was modeled using Blender software.
This software was chosen due to the relatively simple to use interface, ability to create
and modify complex meshes, and movie-making abilities. In this software, the scale can
be set by the user. The camera can also be set to an orthographic or a perspective mode
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depending on the needs of the user. In this case, orthographic mode was selected and a
metric scale was used. Orthographic mode ensures that the mesh’s real size is imaged by
the software, rather than the perspective size. The metric scale ensures that any
measurements are in a convertible scale.
The MPBN depends on the laser scan pattern that is being used. The Renishaw
AM 250 machine used in the experimental part of this study uses a pulsed rather than the
more common continuous laser. The laser turns on and ramps to the correct wattage,
holds in place for the specified exposure time, then turns off. It then moves to the next
position at a set speed and turns on again. This means that the melt pool that forms under
the laser is not necessarily continuous. The melt pool shape will change depending on the
scan pattern used by the laser. In this case, the scan pattern was stripes. Figure 1 shows an
example of the stripes scan pattern. This figure also shows the spacing between laser
points and the hatch spacing between rows in a single layer. The hatch spacing in this
experiment was 85 microns, the point distance was 60 microns, and the layer thickness
was 50 microns.
The orientation of the developed models were based on the Renishaw builds. The
scan pattern of the laser always started the build by moving in the x or [100] direction,
and the [001] direction is the build direction or vertical axis. Each model was built with
this orientation. When planes or directions are mentioned, these are considered global
axes tied to the build plate. So, the build direction is always the [001] axis, and the layers
are in-plane with the (001) plane. The shape of the melt pool used in the models after
solidification was based on etched images of a 304L stainless steel (ss) specimen shown
in Figure 2. The idea to model the melt pool using this approach came from Li et al [16].
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They modeled the thermal history and size change of melt pools using different input
parameters on the same machine and material as used here. The model boundary was
given a thickness to simulate the actual melt pool boundary. The melt pool boundary is
the material that solidifies first at the edges of the melt pool. In this work, the thickness
was set a single width of 0.1 microns.

Figure 1: The stripes scan pattern showing the input parameters used by the Renishaw
AM250 as modeled in this work.

The representative melt pool used in this model does not consider variations in the
melt pool size and shape. Melt pool variations can occur if the local energy density
fluctuates, border scans are used, the laser direction changes, or some other variation in
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the machine occurs. Melt pool variations can include inclusions formed by residual
oxygen or carbon and lack of fusion porosity. Figure 3 shows the microstructure of a
typical 304L part as manufactured by the Renishaw AM250. Key features of the
microstructure are noted in the figure.
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Figure 2: Optical images of SLM 304L in two magnifications etched with a 60:40 water:
nitric acid electrolytic etchant. Relevant features have been pointed out on the images.

The first step of making the model was creating the model of a single melt pool.
The second step is to create the first layer of the model. This is done by arranging single
melt pools in a single plane to mimic the laser scan pattern. Each subsequent melt pool
annihilates any overlapping area with previous melt pools. This simulates the re-melting
that occurs. Figure 4 shows a single layer and the scan pattern that was mimicked to
create that layer. The alternating colors indicate the alternating direction the laser was
moving when that row was created.
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Figure 3: The model of a single melt pool compared to the actual solidified melt pool in
the 304L ss used in this work.

The third step was to create multiple layers. Typically, the scan pattern is rotated
between layers. The rotation increases the ‘randomness’ of the structure. In this work,
three models were developed with different rotation angles. These were 0° (or non
rotating), 67°, and 105°. Figure 5 shows each scan pattern and the corresponding model.
Six layers were created for each model.
In steps 2 and 3, the melt pool remelting was simulated by annihilating
overlapping material. This was done by using Boolean modifiers in the Blender software.
The Boolean modifier modifies a mesh by another mesh. Figure 6 shows a mesh before
and after a Difference Boolean modifier is applied.
Once each model of the MPBN was created, it could then be analyzed. In this
work, the concentration of the MPBN was analyzed through the structure. This was done
by slicing each model in the (001) plane in increments along the [001] direction. Each
model was sliced 60 times at regular intervals. Before slicing, the model itself was cut
down into a representative volume element (RVE). This RVE contained only overlapping
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Figure 4: The model of a single layer with two colors to indicate the change in laser
direction as the melt pools were created.

0'

67'

150°

§//=■

Figure 5: The scan pattern rotation is shown beside the model for that scan pattern
rotation.
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Figure 6: The single melt pool mesh for the 0° hatch angle model, before and after
Booleans are applied.

melt pools and eliminated any melt pools that were along the edges of the model. Figure
7 shows each of the RVE models.

Figure 7: The three RVE models after the boundaries were removed.

The concentration of MPBN in each slice when the model is oriented with the
build direction parallel to the [001] axis only shows the concentration of MPBN along
that plane. Other orientations have other MPBN concentrations. To track this, the model
was tilted around the [100] and [010] directions 5° increments from 0° to 90°. Figure 8
shows examples of the tilted model. Each tilted model was sliced and imaged in the same
manner as the 0° model. The model, when rotated around the [100] direction by 90°, was
sliced along the (010) plane. When it was rotated around the [010] direction by 90°, it

44

was sliced along the (100) plane. Each image was fed into FIJI software. This software is
capable of measuring the color data in each pixel of an image. This was done to each of
the image slices. The background color of the images was separated from the MPBN
color of the images, and the total number of MPBN pixels was found for each image.
This number was then divided by the total number of pixels in the model at that slice to
get the concentration as a percentage.

Figure 8: The 67° hatch angle model rotated around the [100] direction by 0°, 45°, and
90° where the lines are example slices through the models.

3. PROCEDURE

The procedure used to make the samples was detailed in Fashanu et al’s [31]
work. Briefly, 304L cylinders were printed with a Renishaw AM250. The argon-gas
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atomized powder was sourced from LPW. The scan pattern used was a border scan
followed by the stripes scan pattern. Octagonal prisms with a height of 27.8 mm and a
side length of 3.84 mm were printed in 4 build orientations and 3 hatch angles. Three
replications were done for each sample. The test matrix is shown in Table 1. Figure 9
shows the four build orientations as they appear on the build plate. The hatch angles were
0°, 67°, and 105° rotation between layers. The prisms were removed from the build plate
with wire electron discharge machining (EDM). They were then machined to a diameter
of 6.35 mm and a height of 6.35 mm.
The samples were characterized before testing. Hardness measurents were carried
out on one specimen from each sample set. All Vicker’s hardness measurements were
done at 9.81 N for 10 seconds. Vicker’s hardness were done in three positions near the
center of the machined top surface of the cylinders for each sample. Archimedes’ density
was performed on the samples using water as the liquid medium, and the vacuum method
to remove gas bubbles.

Table 1: The test matrix for each sample, where the orientation listed shows the plane
normal to the compression direction. The notation for the orientation is hatch angle rotation direction - rotation degree.
(100)

(010)

(001)

(011)

0°

0°[010]-90°

0°[100]-90°

0°[100]-0°

0°[010]-45°

67°

67°[010]-90°

67°[100]-90°

67°[100]-0°

67°[010]-45°

O
o

Sample

105°[010]-90°

105°[100]-90°

105°[100]-0°

105°[010]-45°
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Figure 9: The four build orientations of the cylinders are shown.

Compression testing was done as described in ASTM E3 using self-aligning
platens. The samples were loaded at a rate of 5x10"3 mm per min. The cylinders were
compressed to well past the yield point. A Visual Basic for Applications (VBA) code was
used to analyze the data after testing. The ratio of the specimen height to diameter was
not suitable for modulus determination according to the standard. Camera images were
taken of each specimen after compression testing. A macro lens was used on the camera
to take close-up images of the top and sides of each specimen. The top surface images
were converted to binary where the top surface was black and the background, white. FIJI
software was used to calculate the aspect ratio of the specimens using the Feret
diameters. The Feret diameters are the longest and smallest diameters of the specimen.
The longest/smallest diameter gives the aspect ratio from the plastic deformation.
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After testing, the samples were prepared for metallography. They were mounted
in bakelite and polished to 0.05 microns in colloidal silica. For optical microscopy, the
samples were electrolytically etched in a 60:40 nitric acid: water solution at 6 volts for
approximately 5 seconds. Vicker’s hardness measurements were done on the top surface
of a tested specimen after the images were taken. This was done in a grid to map the
hardness across the deformed specimen. This tracked the local magnitude of the plastic
deformation.
4. RESULTS AND DISCUSSION

4.1. EXPERIMENTAL WORK
The as-built sample density was not significantly different between samples. The
samples were 98% ± 1.0% dense on average. The compression testing analysis found
0.2% offset yield strength and aspect ratio. The results for each sample are shown in
Table 2. The maximum yield strength and the lowest aspect ratio for each hatch angle are
in bold font. For each hatch angle, the cylinder built either in the [100] or [010] direction
had the highest yield strength. The aspect ratio of the 67° and 105° samples were low with one exception equal to or below 1.10 on average. The 0° samples, except for the
[011] sample, were noticeably anisotropic. The tensile yield strength of traditionally
manufactured, annealed 304L is 210 MPa, according to the ASM specification [32],
which significantly less than the yield strength values found in this work. Additively
manufactured materials are known to have increased yield strength, due in part to residual
stresses in the material and other microstructural factors.
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Table 2: The yield strength, aspect ratio horizonal plane of each cylinder after testing for
each specimen are shown
Hatch Angle - Rotation
Axis- Rotation Angle (Plane
Normal to Compression
Direction)

Aspect Ratio

0.2% Offset Yield
Strength (MPa)

0°-[0101-90° (100)
0°-[1001-90° (010)
0°-[1001-0° (001)
0°-[0101-45° (011)

1.22 ± 0.008
1.53 ± 0.052
1.65 ± 0.022
1.07 ± 0.026

437 ± 4.70
489 ± 9.94
439 ± 7.94
413 ± 9.26

67°-[0101-90° (100)
67°-[1001-90° (010)
67°-[1001-0° (001)
67°-[0101-45° (011)

1.18 ± 0.025
1.10 ± 0.042
1.04 ± 0.015
1.05 ± 0.012

492 ± 2.00
489 ± 5.08
473 ± 11.6
491 ± 9.89

105°-[0101-90° (100)
105°-[1001-90° (010)
105°-[1001-0° (001)
105°-[0101-45° (011)

1.04 ± 0.019
1.03 ± 0.007
1.06 ± 0.023
1.10 ± 0.022

544 ± 10.7
516 ± 14.24
498 ± 3.72
485 ± 2.08

An aspect ratio greater than 1 indicates that anisotropic plastic deformation
occurred in the samples. This can occur if the test is performed improperly, or if non
articulating platens are used. In this case, the articulating platens were used, and the
samples were sufficiently lubricated to reduce horizontal friction. Further, the degree of
anisotropy varied, even among specimens with similar strengths. The anisotropy was
consistent across specimens as well with an average standard deviation of 0.02. The
aspect ratio of the compression surface was not the only anisotropic plastic deformation
observed. Figure 10 shows the view of a compressed sample from the top. The shearing
of the cylinders is made obvious in the figures by the black arrows. The shearing was
most prominent in the 0° hatch angle specimens, and it seemed to be perpendicular to the
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longest width of the compressed specimen. All specimens experienced the shearing
behavior, though it was less apparent in the samples with low aspect ratio. The 0°-[010]45° sample was notably different than the other 0° hatch angle samples in that the (001)
plane did not deform into a cylinder, but instead became rounded boxes, as shown in
Figure 11. Despite the low aspect ratio, the anisotropic plastic deformation was still
prevalent in this sample.
The Vicker’s hardness results for the undeformed samples were not statistically
different from each other. The average hardness was 216 ± 6 HV. According to the ASM
specification [24] for austenitic 304L steel, the Vicker’s hardness value should be 159
HV. The elevated hardness in the structure before testing supports the evidence that the
additively manufactured properties of the 304L material are significantly different from
traditionally manufactured material. The hardness was also tracked on the compression
surface of one of the specimens. The map of the hardness is shown in Figure 12. The
hardness values indicate that the sheared area of the specimen (noted on the figure) was
significantly harder than the compression surface.

4.2. MODEL WORK
It is clear from the literature that 3D printed structures depend on the way they are
printed. The mechanical property results of this study support that. The microstructure
and defect structure depend on build orientation and scan pattern. If the theory presented
by this work is true - that the melt pool boundary network microstructural feature
impacts the mechanical properties of the material - then the model of the MPBN may
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Figure 10: Anisotropy in the 0°-[100]-0° specimens after compression testing, where the
black arrows indicate the direction of shear plastic deformation and the white arrows
indicate the maximum width.

help predict strong and weak combinations in the parts. There are, of course, other
microstructural features that impact the mechanical properties of the part. These features
are slowly becoming well-documented in the literature. The features include grain size,
crystallographic orientation, and porosity distribution. The MPBN is, according to the
theory presented here, another microstructural feature that is a significant feature that can
directionally alter properties. Depending on the material, the MPBN may be more or less
influential.
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Figure 11: The 0°-[010]-45° specimens sheared as the other 0° hatch angle specimens
did, but the (001) anisotropy was not elliptical.

When the percent MPBN per slice was plotted over the length of the model, there
were two types of lines produced. Figure 13 shows an example of each one. Type One
was a pseudo-sinusoidal increase and decrease. Type Two was a relatively flat line. The
flat line indicates that the MPBN concentration was relatively constant in that orientation.
So, theoretically, the impact of the MPBN in that direction on the mechanical properties
could be consistent. The sinusoidal MPBN concentration was fluctuating between layers
semi-consistantly. The impact of the MPBN network in that direction will be,
presumably, similar to a composite with a strong and weak phase. Depending on the
microstructure, the MPBN in this direction could act similarly to a composite that has
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Figure 12 A hardness map of the 0°-[100]-90° specimen after compression testing. The
orientation of the specimen is marked.

layers of material like corrugated cardboard. Since the material only consists of 304L
steel, the ‘composite’ is made of two ductile steels of (presumably) very similar
properties, so the composite-like structure’s impact on the properties may be minimal. In
all three hatch angles, the orientation that was guaranteed to produce a Type One line was
the orientation parallel with the build direction.
One way to analyze the data is to use a rule of mixtures approach to the strength.
That is, the higher the concentration of the ‘weak phase’ - the melt pool boundaries - the
weaker the material will be. So, since the material was compressed uniaxially, the plane
normal to the compression direction is the plane of interest. In Figure 14, the average
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Figure 13: There were two types of lines produced when the MPBN concentration was
plotted over the length of the model - flat and pseudo-sinusoidal. Examples of each are
shown.

yield strength for each sample was plotted against the concentration of the melt pool
boundaries through the plane normal to the compression direction. The negative linear
correlation is weak (R2-value of only 0.39), indicating other factors at play. However, the
negative correlation does lend some veracity to the theory presented here.
After compression, the MPBN distorted at the edges of the part. This is easiest to
see in the 0° hatch angle samples as the melt pool boundary network is stacked in parallel
lines due to the non-rotating scan pattern. The cylinders barreled out non-uniformly as
previously described. The previously smooth edges rippled as well, as shown in Figure
15. The build direction is indicated in each image of Figure 15 for context. In Figure 15.B
and C, the rippling roughly corresponds to the melt pool tracks in a single layer (B) and
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Figure 14: The yield strength vs concentration of the MPNB in the compression direction
are correlated.

the layers (C), as if the features were compressed independently of the other layers. The
rippling also appeared along the melt pool track (C) possibly corresponding to individual
melt pools. This phenomenon was not limited to the edges of the cylinder, though it is
easiest to see there. The semi-independent plastic deformation of the melt pools occurred
within the bulk of the cylinder as well. This can be seen in the etched microstructure - the
MPBN is distorted similarly to the edges of the cylinder in all three figures. This
phenomenon is not limited to the 0 ° hatch angle samples, occurring in all the samples.
This implies that the MPBN was acting as a barrier to load transfer. Figure 16 shows a
before and after compression view of the MPBN and cellular structure. Before
compression testing, the MPBN was clearly visible in the material, and the cellular
structure appeared as imperfect hexagons or similar size. After compression, the
hexagons stretched and distorted in some places. The MPNB after compression testing
was less clearly defined.
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Figure 15: The edges of the cylinders rippled after compression testing. The orientation
of the part is marked.

Anisotropic plastic deformation of the parts, the result of which was the greater
than

1

aspect ratio of the compressed parts, was most obvious in the 0 ° hatch angle
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Figure 16: A close view of the melt pool boundary and cellular structure before (A) and
after (B) compression testing.

samples. Figure 17 shows the side and top view of one compressed cylinder (0°-[100]0°), and Figure 12 shows the top view of a 0°-[100]-90° cylinder. Figure 18 shows the
side and top view of a 0°-[010]-90° cylinder. For the 0°-[100]-0° cylinder, the direction
of greatest width was parallel to the [ 1 0 0 ] direction and the direction of the lowest width
was the [010] direction. The 0°-[100]-0° sample had the highest aspect ratio. For the 0°[100]-90° specimen, the largest and smallest widths were the [100] and [001] directions,
respectively. For the 0°-[010]-90° specimen, the largest and smallest widths were the
[001] and [010] directions, respectively. These results in conjunction with the aspect ratio
data can be used to determine a ranking for these directions. The directions that caused
the most to the least plastic deformation: [100], [001], [010]. This behavior correlates to
the pseudo-sinusoidal behavior of the MPBN in those directions. Table 3 shows the
maximum and minimum peaks of the MPBN in those three directions for the 0° hatch
angle samples. The difference between the maximum and minimum MPBN in the planes
equates to the rank-ordered directions. The other hatch angles did not experience the
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Figure 17: A 0°-[100]-0° specimen after compression testing shown from the side and the
top of the cylinder. The orientation of each image is marked.

anisotropic behavior to the same degree as the 0° hatch angle samples. For the 67° hatch
angle samples, the three planes of interest had a low difference between the peaks, which
may explain why they did not experience much of an aspect ratio difference. For the 105°
hatch angle samples, very few planes exhibited the pseudo-sinusoidal behavior. The
maximum amplitude of the pseudo-sinusoidal behavior seems to be correlated with the
deformation in that direction.
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Figure 18: A 0°-[010]-90° specimen after compression testing shown from the side and
the top of the cylinder. The orientation of each image is marked.

5. CONCLUSIONS

In this work, anisotropic deformation in SLM 304L was investigated using a
model of the melt pool boundary network. The melt pool boundary network is a thin
phase of material that forms from the first material to solidify after the laser moves away
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Table 3: The maximum, minimum, and difference between the pseudo-sinusoidal peaks
for the three directions of interest.

Hatch Angle
0°
0°
0°
67°
67°
67°
105°
105°
105°

Percent
Minimum
Percent Maximum
Difference
Between
[MPBN1 in Plane [MPBN1 in Plane
Maximum and
Normal to
Normal to
Direction
Minimum
Direction
Direction
[1001
68%
9%
59%
[0011
44%
21%
23%
[0101
31%
18%
13%
[1001
30%
26%
22%
[0011
46%
24%
8%
[0101
31%
24%
7%
[1001
39%
15%
23%
[0011
N/A
N/A
N/A
[0101
N/A
N/A
N/A

from an area. The MPBN was modeled using a representative volume element containing
six layers of material. Three models were created with different hatch angles of 0°, 67°,
and 105°. The concentration of the MPBN in each model was tracked across multiple
planes. Experimental samples were printed using the same three hatch angles. Four build
directions were printed for each hatch angle. The samples were tested in compression.
The yield strength of these materials increased with increasing hatch angle. The build
orientations with the highest yield strengths were in the (0 0 1 ) plane as well, either built in
the [100] or [010] direction, depending on the hatch angle. The yield strength of the
samples was correlated to the concentration of the MPBN normal to the compression
direction of the experimental samples. A linearly negative correlation was found with an
R2 value of 0.39. The edges of the compressed cylinders were indented and outdented
after testing. Etched micrographs indicated that the rippling behavior occurred
corresponds to the melt pools. The compression tested samples were observed to have
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local anisotropic plastic deformation, particularly in the 0° hatch angle samples. The
aspect ratio was used to quantify the degree of anisotropy per sample. The change in
hardness across the compression surface of one specimen confirmed the presence of
anisotropic plastic deformation. The MPBN concentration exhibited a pseudo-sinusoidal
behavior in the planes related to this anisotropic deformation. The amplitude of the
pseudo-sinusoidal curve seems to be related to the extent of the deformation experienced
by the specimens in that direction.
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III. OPTIMIZATION AND CHARACTERIZATION OF NOVEL INJECTION
MOLDING PROCESS FOR METAL MATRIX SYNTACTIC FOAMS
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ABSTRACT

Metal matrix syntactic foams are particulate composites comprised of hollow or
porous particles embedded in a metal matrix. These composites are difficult to
manufacture due primarily to the lightweight, relatively fragile filler material. A method
of low-pressure injection molding metal matrix syntactic foams was developed in this
work. First, an aqueous binder was optimized for low-pressure injection molding. A
three-component simplex design of experiment was used to model the density response to
changing the ratio of water to agar to glycerin. The model predicted the maximum
density was at a binder composition (in volume percent) of 7% agar, 4% glycerin, and
89% water. Second, this binder was used to manufacture copper matrix syntactic foams
with 0, 5, 10, and 15 volume % porous silica as the filler material. The solids loading for
these compositions decreased with increasing filler material from 55 to 44 volume %,
likely due to binder filling the pores in the porous silica particles. Finally, the sample
quality after injection molding was characterized. Only 0.11 ± 0.06 volume % carbon
remained in the samples. Silica particles were well-dispersed in the samples after
sintering, and they did not appear to be fractured. The specific strength of the copper
matrix material increased with increasing porous silica additions.

65

Keywords: Metal-matrix Composites; Metal Foams; Injection molding; Molding
compounds

1. INTRODUCTION

Lightweight structural composites are in high demand in certain industries,
especially in aerospace. These materials are generally two-phase composites of some
kind. For example, an aluminum-silicon carbide composite increases the strength of the
aluminum and slightly increases the density for an overall increase in the specific
strength and stiffness. Other types of composites combine a matrix and air - foams
sacrifice strength for drastically decreasing the density of the material. Syntactic foams
combine the best of both types of composites. Metal matrix syntactic foams (MMSF) are
3-phase particulate composites where hollow particles are suspended in a metal matrix.
[1] The pores in MMSFs are encased in the hollow spheres, which allows for both tight
control over the density and pore size of the material and restricts the porosity from
interacting with the matrix material directly. Rohatgi et. al. [2] summarized the typical
compression properties of MMSF in their review paper. MMSF exhibit other properties
as well as a result of being both foams and composites. For example, Mondal et. al. [3]
found that the wear rate of an aluminum - cenosphere MMSF was comparable to an AlSiC composite at low loads. Dou et. al. [4] found that MMSFs might be useful
electromagnetic shielding materials.
There are several methods of manufacturing MMSFs and several challenges in
doing so. Stir casting and pressure infiltration are the most popular methods [2]. Powder

66

metallurgy routes such as injection molding and press and sinter are less common. The
main challenge in manufacturing these materials is in incorporating the filler into the
matrix without segregation, sphere fracture, or negative chemical interactions between
the matrix and filler. In their review of the types of hollow spheres used in the literature,
Szlancsik et. al. [5] found that the hollow particles, or filler, are usually a glass or ceramic
material, though metal particles and expanded clay have also been utilized. In particular,
fly ash cenospheres remain a popular filler as they would otherwise be a waste-product
and can withstand higher temperatures than glass fillers [2, 6 , 7], The filler materials, as
they have very low densities, tends to float in molten metal which can cause density
gradients. The hollow particles can fracture during processing as well. [8 ] Material
compatibility is another challenge. Most glasses, other than pure silica, will likely melt
below the sintering or melting temperature of the metal. Diffusion of the matrix material
into the filler and vice versa can also occur, which can cause chemical reactions to occur.
[9, 10] In glasses, this can also cause the melting temperature of the filler to decrease.
Oxide ceramics might not wet strongly with the matrix. The two powders should bond
strongly so that load partitioning can occur. [11] Neville and Rabiei [12] worked around
these issues by using metal hollow particles as the filler. Majlinger et al [13] studied the
effect of using multiple types of particles in the same material. Lehmhus et. al. [14]
compared hollow glass to cenosphere filler in a steel alloy (316L) matrix.
A key part of MMSF research is the development of novel techniques to improve
the manufacturing of MMSF materials. For example, Weise et al [15] and Yang et al [16]
used similar methods to ensure an even distribution of hollow particles during infiltration
of the metal matrix. They sintered the filler before infiltration - Weise et al [15] using
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glass filler and Yang et al [16] using ceramic spheres. Augmentation of a manufacturing
technique is one method of working around the manufacturing weaknesses of MMSF
materials. Other researchers, such as Orbulov [17] with pressure infiltration, optimize a
manufacturing process for MMSF materials. Another method is to use a novel
manufacturing technique such as done by Shiskin et al [18]. They sputter-coated the
hollow spheres with copper then used spark plasma sintering to densify the parts. Further,
a manufacturing technique that mitigates many of the manufacturing issues can be
selected.
Injection molding is one of those techniques that need little process optimization
to effectively make MMSF materials. Hollow particle flotation is not an issue in injection
molding as the powder is held in place by a binder. Particle fracture can still be an issue,
but gentle comminution and injecting procedures can be used. Weise et. al. [19, 20] used
injection molding to produce an iron alloy matrix with hollow glass microsphere
syntactic foams. They were able to sinter the iron matrix to the point where little matrix
porosity remained. However, the glass did appear to soften and wick into residual
porosity during sintering. This is a material compatibility problem solved by using
ceramic powders rather than glass ones. Hollow ceramic powders that are small enough
to use in injection molding and of good quality are difficult to find without requesting
specialty powders. Injection molding requires fine powders to form stable slurries that
can be injected into molds. As described by Szlancsik et. al. [5], most hollow ceramic
powders are in the 1 to 10 mm size range, not the <45 |im range that is typically used for
injection molding processes.
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Injection molding requires careful selection of powders and a compatible binding
agent. The powder shape and size will influence both sintering and slurry rheology. Fine
powder sinter better than coarse powders due to their increased surface area. This
increase in surface area may negatively affect slurry fluidity. Bimodally distributed
powders achieve higher green densities as small particles fit between larges ones and fill
space. It is mathematically appropriate to have the fine particles in the bimodal
distribution be 1/7th of the coarse particles. For MMSFs, this might mean that the matrix
particles should be, on average, 7 times smaller than the hollow particles, or vice versa.
The choice of binder will determine the binder removal and burnout procedure. The
binder usually leaves some carbon or oxides behind, so minimizing the amount of binder
needed to create a flowable slurry is necessary.
Aqueous binders leave very little material leftover after the water backbone has
been removed. One such binder is a water-based gel is comprised of agar, glycerin, and
water. [21] The basic formula for this binder is agar and water which, when heated, forms
a polysaccharide gel. The glycerin in the formula acts as a gel strengthener. The binder
has similar rheological properties to a thermoplastic according to Labropoulos et. al. [22].
It has an added benefit of being more environmentally friendly than waxy binders as
usually more than 90% of the binder is water. The general formula for this binder was the
subject of or used in several patents [23-25]. It was also produced commercially
(Honeywell Powderflo Technologies, for example). Chen et. al. [26] produced NiTi
foams with an agar binder, though they used sucrose as the gel strengthener rather than
glycerin.
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The goals of this work were to develop an aqueous binder for low-pressure
injection molding of metal matrix syntactic foams and successfully manufacture a copper
matrix syntactic foam using that binder and process. The composition of the agarglycerin-water binder was optimized to obtain the highest green and sintered relative
density in a bronze syntactic foam. The relative density was selected as a simple way to
check the quality of the parts. This optimized binder was then used to injection mold
copper matrix syntactic foams with a porous silica filler. Four samples were made with
an increasing volume fraction of filler. The quality of the sintered samples was analyzed.
The MMSFs were tested in flexure to determine the mechanical properties and compared
to the literature.

2. MATERIALS AND METHODS

2.1. POWDER CHARACTERIZATION
Powder characterization was performed on the syntactic foam materials to verify
morphology, and particle size distribution. Table 1 lists the syntactic foam materials used
in this experiment with the manufacturer-supplied chemistry and density. The particle
size distribution was characterized via particle measuring and counting from SEM
images. Each powder was dusted over the surface of a carbon dot on a flat specimen
holder. The powder was then mounted into an ASPEX scanning electron microscope
(SEM). The ASPEX has an automated feature analysis (AFA) that will identify and
measure inclusions or particles. At least 10,000 particles were measured for each powder,
except the two glasses. The borosilicate glass and porous silica powders could not be
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distinguished from the noise in the ASPEX and so the particle ‘features’ were instead
analyzed by manual measurement. This was done using FIJI (Fiji Is Just ImageJ)
software. The AFA included the aspect ratio of each particle, which (along with visual
inspection of the SEM images) was used to determine morphology.

Table 1: Details provided by the manufacturer on each metal and ceramic powder used in
this experiment
Material

Supplier

Chemistry

Density
(g/cc)

Borosilicate Glass

MO-SCI
Corp.

70-85 % SiO2
10-15% B 2O3
5-10% Na2O
2-5% Al2O3

0.15

Porous Silica (P-S)

MO-SCI
Corp.
Royal Metal
Powders Inc

SiO2

1.475

99.8% Copper
0.06%
Hydrogen loss
88.46% Copper
11.3% Tin
0.24%
Phosphorous

8.94

Copper

Bronze

Royal Metal
Powders Inc

8.73

2.2. BINDER DEVELOPMENT
In this study, an aqueous binder was developed using a mixture model. The model
is discussed in the calculation section of this paper. The binder components were
deionized water, agar, and glycerin. The mixture model requires 10 samples with
different binder compositions to optimize the composition. The solids loading remained
constant at 55 vol%, and the solid composition was held constant as well. The target
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sintered sample was a 30/70 volume ratio of hollow borosilicate spheres to bronze matrix.
Specimens were made in 50 g batches by manually mixing the binder and the solid
powders. To make the binder, boiling water was mixed with the glycerin and agar in the
appropriate combinations. The mixture was stirred until all the dry ingredients dissolved
into the solution, about 5 minutes. The solid components were heated to 100°C then
mixed into the binder. Each specimen was poured into a 50*20*15 cm silicone mold.
Three repetitions were done for each sample, and all specimens were made and measured
in a completely random order. Sample post-process characterization is discussed in
Section 2.4.
A binder-only trial in the injection mold machine was done to determine the rate
of water evaporation during use. In this test, the binder components were added to the
reservoir. The reservoir was then heated, while mixing, to 80°C. Five binder-only
specimens were injection molded every 30 minutes for 120 minutes. The specimens were
dried at 120°C for 12 hours. The mass of the specimens before and after drying was
measured and used to find the liquid loss of the binder. These values were then compared
over time to find the change in mass loss over time.

2.3. INJECTION MOLDING
A Peltsman MIGL-28 was used to injection mold the samples in this experiment.
This low-pressure injection mold machine includes a feedstock reservoir that allows for
compounding of the feedstock before injection molding. The reservoir is paddle mixed at
a fixed rate of 58 rpm. The reservoir temperature was set at 80°C for this experiment. Gas
pressure is applied to the reservoir during molding which pushes material through a
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heated tube to the mold. The tube and orifice ring were set to 85°C. The gas pressure was
set at 67 kPa. The pressure was held for 10 seconds per specimen. The specimens were
demolded after approximately 30 seconds. The mold used in this experiment was a watercooled iron alloy rectangular mold. The dimensions were 6.21*0.99*0.66 cm.
Four compositions were injection molded in this study. Table 2 shows the volume
fraction of each component that was added to the reservoir, out of the total volume.
Thirty specimens were injection molded for each sample. Each sample was prepared by
mixing the binder on a hot plate, then adding the prepared binder to the pre-warmed IM
reservoir. The powders were added to the reservoir pre-heated to 100°C. For some
samples, extra binder was added to decrease slurry viscosity. The slurry was mixed for 1
hour after the last addition before injection molding began.

Table 2: The composition of each slurry in the injection molding reservoir before
injection molding is listed, all units in volume percent
Component
Agar
Glycerin
Water
Binder
Total
P-S
Copper
Solids Total

0% P-S

5% P-S

10% P-S

15% P-S

3%

3%

4%

4%

2%

2%

2%

2%

40%
45%

44%
49%

50%
56%

50%
56%

0%

3%
49%
51%

4%
40%
44%

7%
38%
44%

55%
55%
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2.4. SAMPLE POST-PROCESSING AND CHARACTERIZATION
After injection molding, the ‘wet’ samples were placed in a furnace at 120°C.
Samples were dried for at least 12 hours before sintering. The ‘dry’ specimens underwent
debinding and sintering in an atmospheric furnace with an attached retort. Debinding was
done at 450°C for 1 hour in flowing air. A steel plate was placed in the furnace beside the
samples to help getter escaping carbon and oxygen. Sintering was done directly after
debinding by dwelling at 450°C for 1 hour in flowing argon, then ramping to the
sintering temperature at a rate of 120 at 120°C/hour. Samples remained under flowing
argon throughout the sintering time. Bronze matrix samples were held at 900°C for 1
hour. Copper matrix samples were held at 1000°C for 10 hours. Samples were removed
from the furnace after cooling.
Characterization included density measurements and microstructural evaluation.
The geometric density of each specimen was measured after each processing stage (wet,
dry, and sintered). The geometric density calculation is mass over volume. Volume was
estimated as the length, width, and height of each specimen, measured with calipers. The
mass was measured using a laboratory balance. Sintered density was measured by
Archimedes’ method as described in ASTM C373-18 [27]. The vacuum method was
used. Theoretical density at each stage of processing was done by rule of mixtures using
the measured amounts of each component added to the injection molding reservoir for
each sample. Specimens were prepared for microstructure observation by mounting
specimens in bakelite and polishing. The ASPEX SEM was used for standardless energydispersive x-ray spectroscopy (EDS) mapping of each sample. The automated feature
analysis function was used on the polished surface of one specimen from each sample as
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well. This analysis measured the chemistry (using EDS), area, and average diameter of
10,000 features. The features were sorted by chemistry. The total area of the features and
the total area observed were used to calculate the total area percent of features in the
specimen.
The samples were the correct size and shape for 3-point bend testing. ASTM
C1161-18 [28] was used for this test, with test configuration B. Fifteen specimens were
tested for each sample. A fully articulating fixture was used. A strain rate of 0.5 mm/min
was used. Pre-loading was not done for these tests. Visual Basic for Excel code was used
to remove the toe region from each data set and determine the 0 .2 % offset yield stress.
The 0.2% offset yield stress was calculated by first finding the slope of the elastic region.
Then, a line was created offset by 0.2% from the stress-strain curve. The intersecting
between the new line and the stress-strain curve was taken as the 0 .2 % offset yield stress.

3. CALCULATION

The agar-glycerin-water binder used in this experiment was developed using a
mixture model. A 3-component simplex design was used. The wet, dry, sintered relative
density responses to altering the ratios of agar to glycerin to water were modeled. Ten
sample compositions are used in this model. The overall composition of each sample was
45 vol% binder, 33 vol% bronze, and 22 vol% hollow borosilicate glass. Three
replications were made for each sample. The 30 specimens were made and measured
completely randomly. JMP software was used to design this experiment and calculate the
response surfaces.
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The experiment was designed by first selecting the lower bound of each
component. The lower limit of agar was determined after tests showed that agar does not
gel with sufficient strength below 4%. The glycerin was only a gel strengthener so the
lower limit was set at 0%. Finally, after about 15% agar, the agar became increasingly
difficult to completely dissolve into the water so the lower limit on the water was set at
85%. The compositions for the test samples were determined using these lower bounds.
The standard composition array is shown in Table 3. This table shows three pseudo
components which exist at the corners of the ternary response surface. The pseudo
components are related to the pure components by Equation 1. The ten compositions with
the pure components used in this experiment are shown in Table 4.

Table 3: The general composition of each sample for the model calculation, all units in
volume percent
Pseudo
Components
A

1

2

3

4

5

6

100%

0%

0%

50% 50%

B

0%

100%

0%

50%

C

0%

0%

100%

0%

7

9

33% 67%

0%

0%

8

50% 33%

10

17% 17%

17% 67%

50% 50% 33%

17%

17% 17% 67%

Table 4: The composition of each binder for the model calculation, all units in volume
percent
Pure
Components
Agar

1

2

3

4

5

6

7

8

9

10

15%

4%

4%

10%

10 %

4%

8%

11%

6%

6%

Glycerin

0%

11%

0%

6%

0%

6%

4%

2%

7%

2%

Water

85% 85% 96% 85% 91% 91% 89% 87% 87% 92%

76

The cubic response model (Equation 2) uses seven of the ten measured responses
to generate a response surface. Each b-value in the model corresponds to a mathematical
combination of measured responses, as shown by Equations 3 through 9. The other three
samples are used to test the lack-of-fit. Lack-of-fit measures the accuracy of the predicted
response values. The variance for the lack of fit (Slf2) was calculated by finding the
variance between the measured responses of samples 8 through

10

and the model

prediction of compositions 8 through 10. This is shown in Equation 10. The model must
also be tested to determine its viability. This was done by an F-ratio test. The selected
confidence interval for this test was 95%. The error variance (Serror2) was then calculated
with Equation 11. The F-ratio was calculated by Equation 12. This F-ratio was then
compared to the tabulated value. If the calculated F-ratio is less than the tabulated F-ratio,
then the model is considered a reasonable representation of the response surface of the
mixture within a set confidence interval. The tabulated F-ratio, in this case, has 3
specimen degrees of freedom, and
i= iLB* ( 1 -

10

sample degrees of freedom.
iLB) * x t

Equation 1

where i is the actual component amount (agar, glycerin, or water), Ilb is the lower bound
of component i, and Xi is the amount of the pseudo-component.
Cubic Response Model = b1x1 + b2x2 + b3x 3 + b12x1x2 + b13x1x 3 +
b23x2x 3 + b123x1x2x 3

Equation 2

where xi, X2, and X3 are the amount of pseudo-components A, B, and C, respectively, and
bi, b2 , b3 , bi2 , bi3, b23 , and bi23 are related to the measured response values as indicated in
Equations X4 to X10.
bi = 7 i

Equation 3
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b2 = y 2

Equation 4

= y3

Equation 5

^3

= 4y4

- 2

(y1 + y 2)

Equation 6

= 4y 5

- 2

(y1 + y3)

Equation 7

= 4y 6 -

2 (y 2

+ y3)

* (y4 + y 5 + y6) + 3(yi + y 2 + y3)

Equation

8

Equation 9

where yi to y 7 are the average measured response of samples one through seven.
s If

=

- y Vr d 2)

Equation 10

where yoi is the observed average response at the ith checkpoint (samples 8 through

1 0 ),

andypri is the predicted response at the ith checkpoint.
Su e2r ro r =

Spo o led

Equation 11

where Spooled2 is calculated with Equation 13 and is the pooled variance of all the data,
and n is the number of replications per sample.
Equation 12

F = 4^error

c2

‘-’p o o le d

=

1 L c2
n _ ^ £ i *J £

Equation 13

where Si2 is the variance of the ith sample.

4. RESULTS AND DISCUSSION

4.1. POWDER CHARACTERIZATION
The particle size distributions by count, volume, cumulative count, and
cumulative volume percent for each of the four powders are shown in Figure 1. Table 5
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shows the 10th, 50th, and 90th percentiles by count (D10, D50, D90, respectively) and
average for each powder. The size of the copper and porous silica powders were similar.
The borosilica and bronze powders appear to have similar sizes from the table, however,
the borosilica powder has far more particles between

10

and 20 microns than the bronze

powder as shown in Figure 1. The bronze powder was sieved by the manufacture to
remove fines, however, some less than

10

micron particles remained (~ 1 0 %) which has

skewed the results. Due to the large density difference between the heavy metal powders
and the lightweight glass powders, these two composite powders will not stay mixed, if
they can be mixed at all. This can be solved by using a binder to facilitate mixing.
However, segregation while the binder is liquid will be a concern. In the future, it would
be appropriate to sieve out specific particle sizes such that the composite powders are
approximately 1:7 in size ratio. This will aid in mixing and may help prevent some
amount of segregation.
The particle size and morphology of the metal powders will affect how easy they
are to process and sinter. Irregular particles sinter marginally better than spherical
particles due to their higher surface area, but they are much less flowable. Figure 2 shows
example images of each powder that were used to determine the particle size distribution.
All the powders used here were spherical, as Figure 2 shows clearly. The size of the
copper powder is suitable for an injection molding and sinter operation. However, the
bronze powder is larger than would be typical for a sintering operation, especially a
pressure-less sintering operation as was used here. This is one reason that the bronze
powder used in the binder optimization procedure was not used for the injection molding
process.
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Figure 1: The particle size distribution by count and volume is shown for the four
powders used in this study, a) Bronze, b) Borosilica, c) Copper, d) Porous Silica
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Table 5: The 10th, 50th, 90th percentiles and average particle size in microns for each
powder, all units in microns.
Powder
D10 D50 D90 Average
5
56
93
57
Bronze
46
84
50
Borosilicate 20
3
6
13
7
Copper
8
16
29
17
P-S

Figure 2: SEM images of each powder are shown: a) Bronze, b) Borosi ica, c) Copper, d)
Porous Silica.

4.2. BINDER OPTIMIZATION
The binder development results include the cubic response equation and graph for
each measured response. Table 6 shows the b-values for each response which are applied
to Equation 2 (the cubic response equation) to calculate the response surfaces. Figure 3
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shows response surfaces calculated from the cubic response equations for the wet (A),
dry (B), and sintered relative density (C), as well as the open porosity after sintering (D).
The area of highest relative density appears in the same general area of each graph. The
optimized composition was selected to be 7% agar, 4% glycerin, and 89% water. The
predicted values for each response given this composition are shown in the last column of
Table 6 . The error, pooled variance, lack-of-fit, and F-statistic for the mixture model are
shown in Table 7. With a 95% confidence interval, the tabulated F-statistic is 3.71. All
the F-statistics were below this value, so they are considered reasonable estimations of
the response. Because the solids loading and solid composition were kept constant across
all samples, this experiment should only reveal the trends of the binder. However, the
actual density depends strongly on the powder chemistry and particle size. This is
especially true of the sintered density. The b-values used here are valid only for this
experiment, but the trends should be relatively universal.
The binder development work was done using the bronze and hollow borosilicate
powders. During sintering, the borosilica glass reacted with the tin in the bronze alloy.
Tin oxide and silica inclusions were spotted in the bronze. This material compatibility
issue did not invalidate the binder development, as the trends found in this study are
considered to be material agnostic. This did prompt the matrix change to copper for the
injection molding portion of the study. Further, the melting temperature of the borosilica
powder was much lower than the sintering temperature of copper, so the filler material
was changed to the porous silica powder.
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Figure 3: The response surfaces for the a) wet density, b) dry density, c) bulk sintered
density, d) open porosity after sintering where the legend indicates the relative density
fraction for a, b and c and the fraction of open porosity to total volume for d.

The binder used in this experiment was described by German and Bose [21] as an
aqueous gel useful for injection molding at low temperatures. The binder solidifies below
about 50°C and should be kept below 100°C (boiling) to prevent bubbles from forming in
the gel. This binder was chosen for this process specifically for several reasons. First, the
Peltsman MIGL-28 IM machine used in this study has a maximum operating temperature
of 120°C, so a relatively low-temperature binder had to be selected. Further, this binder is
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easily cleaned with friction and warm water and is non-toxic. Finally, this binder is
approximately 90% water, which is both environmentally friendly and easy to remove
from the samples. Once the water is removed, the small amount of remaining binder is
removed by a binder burnout step. Though pre-made feedstock was not necessary for this
experiment, as the IM machine included a mixing apparatus as part of the machine,
industrial MIM machines may require pre-mixed feedstock. This binder is also capable of
being re-liquidized after comminution with the powders if the water has not been
removed. Scale-up of this binder to industrial processes is therefore possible.

Table 6: The cubic model b-values calculated for each response and the predicted value
based on the optimized composition
Response
Wet
Relative
Density
Dry
Relative
Density
Sintered
Relative
Density
Open
Porosity

b1

b2

b3

b12

b13

b23

b123

Predicted
Values

0.674

1.106

1.127

0.295

0.447

-0.125

3.487

118%

0.674

1.051

1.148

0.350

0.393

0.136

4.201

123%

0.587
0.617

0.777
0.482

0.838
0.455

0.368
-0.276

0.367
-0.321

0.127
-0.086

2.197
-1.207

91.6%
40.0%

Figure 4 shows the amount of water over time in binder-only injection molded
samples. During the first 10 to 20 minutes of the trial, the specimens varied in
composition (not shown). The agar and glycerin were added to the water cold, so the agar
agglomerated in the reservoir. It took approximately 30 minutes after reaching the
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working temperature of 80°C for the agar to fully incorporate into the solution. In future
trials, the binder was mixed on a hotplate before adding it to the reservoir to prevent this
issue. The composition of the binder remained steady up to 2 hours after reaching the
working temperature. This indicates that the reservoir was sealed enough to prevent
significant amounts of water evaporation during usage. No water additions were therefore
necessary during use.

Table 7: The error for each response and relevant variance calculations are tabulated.
S 2
R espon se n Spooled2
F(calc)
Serror
Sl f 2
W et R elative

3

D en sity
D ry R elative

0.002

0.159

0.034

0.011

0.000

0.035

0.029

0.010

0.002

0.159

0.0147

0.0049

0.0003

0.0653

3

D en sity
O pen P o ro sity

0.010

3

D en sity
S in tered R elative

0.029

3

4.3. INJECTION MOLDING
For the injection molding of syntactic foams, the binder is a critical part of
stopping segregation and promoting good mixing between the dissimilar powders that
make up the composite. The way this is determined is by tracking the composition of
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Figure 4: The percent mass loss in each binder-only injection molded specimen over time

each specimen after molding. This can then be compared to the input composition of the
slurry. The volume and weight of each sample were measured three times: after injection
molding (wet), after removing all the water (dry), and after sintering (sintered). These
three measurements form the basis of the calculation to determine composition. The
appendix shows the calculation steps used to determine the composition for each of the
thirty specimens in the samples.
The porosity in the porous silica particles after sintering was not assumed to be
the same as before sintering. Instead, this value was found by measuring the average size
of the porous silica particles in the composite after sintering and comparing that to the
average size of the powder. The AFA data from the feature analysis performed on the
5%, 10%, and 15% P-S specimens were used to determine the average size of the P-S
particles after sintering. The average particle size of the porous silica particles after
sintering was 9.0 |im. Compared to the 17.4 |im average of the powder before sintering,
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this change is significantly large. The particles had, on average, 45% porosity before
sintering. The difference in average size after sintering was 52%, so it appears that little
to no porosity remained intact in the porous silica spheres. There is significant error in
using this technique to estimate the porosity in the silica particles so this may not be
accurate. For example, the ASPEX tends to under-predict the size of glass materials. The
silica powder was measured manually, in contrast. For this calculation, the sphere
porosity was taken as 0% after sintering.
The results of finding the composition of each specimen are summarized in Table
8. Figures 5 and 6 show the data for each specimen. Figure 5 shows the percentage of
binder out of the total wet volume per specimen. Each specimen was assigned a number
from 1 to 30 after they were injection molded. The specimen number loosely correlates to
time, approximately 1 to 2 minutes per specimen. The binder concentration was relatively
stable over time. The amount of binder was generally low compared to what was added to
the reservoir (Table 2). The binder may have segregated from the powders in the
reservoir or during molding. Figure 6 shows the percentage of porous silica in each
specimen. The amount of porous silica was high on average, particularly in the case of
the 15% P-S sample. The filler concentration in the 5% and 10% P-S samples seemed to
fluctuate almost sinusoidally over time. The 15% P-S specimens did not exhibit this
behavior, remaining more consistent except at the ends of the graph. The compositional
fluctuations did not appear to be a segregation issue, as in that the composition would
have decreased over time. There may have been pockets of high concentrations of filler
that contributed to the fluctuating composition, which would indicate poor mixing of the
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Table 8: The average volume percent of binder and porous silica in each sample after
injection molding, as calculated
Sample
100% Cu
5% P -S
10% P -S
15% P -S

% Binder
40% ± 0.6%
40% ± 2.3%
50% ± 2.3%
53% ± 0.9%

% Porous Silica
N/A
6% ± 1.9%
11% ± 3.2%
24% ± 3.4%

slurry. Otherwise, it is possible that the slurry segregation was reduced or mitigated by
the constant agitation of the slurry in the IM reservoir.
The amount of matrix porosity in the wet specimens was assumed to be negligibly
small. However, three specimens from the 5% P-S sample were found to have significant
matrix porosity. These specimens were each found to have a large hole in their center,
likely due to an injection molding error. They were removed from the data, due to this
defect. The other specimens did not appear to have this issue.

4.4. BINDER BURNOUT AND SINTERING
The relative density of each sample after sintering is shown in Table 9. These are
average values calculated from the average filler volume percent of each sample in Table
8. The samples did not sinter to full density despite holding at over 90% of the melting
temperature of copper for 10 hours. This is due either to a binder burnout issue or a result
of water corrosion affecting the copper powder. Figure 7 shows an element map from a
0% P-S specimen. This image shows the distribution of copper and oxygen in the
specimen. The oxygen seems to surround the porosity, creating a shell of copper oxide.
The atmosphere used in this experiment was flowing air. A forming gas would be more

Calculated Binder Amount (Volume Percent)
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A 0% P-S
• 5% P-S
X 10% P-S
- 15% P-S

Specimen Number

Figure 5: The percentage of binder in each specimen versus specimen number, where
specimen number is the order in which specimens were injection molded

• 5% P-S

X 10% P-S

- 15% P-S

Figure 6: The percentage of porous silica in each specimen versus specimen number,
where specimen number is the order in which specimens were injection molded.
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appropriate, as it appears the oxygen in the air reacted not just with the carbon in the
binder, but also with the copper powder. The formation of copper oxide allowed porosity
to remain in the sample during sintering.

Table 9: The relative density of each sample after each stage of sample post-processing
shows the approximate amount of porosity in each sample
Wet Relative

Dry Relative

Sintered Relative

S a m p le

Density

Density

Density

1 0 0 % Cu

101% ± 1.1%

64% ± 0.5%

83% ± 1.3%

5 % P -S

99% ± 3.1%

70% ± 4.9%

88% ± 3.3%

1 0 % P -S

98% ± 2.3%

60% ± 3.2%

82% ± 2.6%

1 5 % P -S

111% ± 2.4%

70% ± 2.6%

91% ± 2.3%

*
•
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©

&

Figure 7: A element map of a 0% P-S specimen with the carbon, copper, and oxygen
elements identified, the image was taken near the center of a specimen.

The amount of carbon present in the samples was found using the ASPEX AFA
analysis. One specimen from each sample was tested. The concentration of carbon was
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0.11% ± 0.08% (volume percent) on average. This indicates that the carbon in the binder
was successfully removed from the samples.
The porous silica particles appeared to be well dispersed in the samples. Figure 8
shows a micrograph of a 15% porous silica specimen. This figure shows the that the
particles appear well dispersed. Some of the particles did appear to wick into the
surrounding porosity during sintering. Other particles were surrounded by porosity and
remained spherical. Bright spots in the silica may indicate areas of porosity as the edges
of the pores in the silica charge under the SEM. Alternatively, these could be copper that
migrated into the silica particles. The silica particle did not appear fragmented, most were
either spherical or wicked into nearby pores. The well-dispersed particles indicate good
local mixing during injection molding.

Figure 8: A micrograph of a 15% P-S specimen showing the dispersion of the porous
silica particles and the morphology of the particles after sintering, the image was taken
near the center of a specimen.
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4.5. MECHANICAL TESTING
The results of the 3-point bend testing are shown in Figure 9 compared to other
metal matrix syntactic foams. The matrix material and density for each MMSF were used
to normalize the data to better compare MMSF materials with different matrix materials.
The normalized density shows how much matrix porosity and filler porosity is in the
composite. The normalized strength is a measure of the matrix strengthening done by the
filler. For a lightweight structural material, the optimal MMSF, from a design standpoint,
should be in the upper left corner of the graph. Generally, above 1 in the strength axis and
below 1 in the density axis should be a design target. The MMSF materials made here
meet both of these targets, though they are on the low end of both targets.

5. CONCLUSIONS

Copper and porous silica (P-S) powders were used in a low-pressure injection
molding process to make rectangular specimens. Four compositions were made - 0, 5,
10, and 15 volume percent P-S with the remainder being copper. The powders used in
this experiment were expected to dry or wet mix poorly due to their similar size and
highly dissimilar densities. The binder optimized in this experiment worked well with the
syntactic foam materials. The agar-glycerin-water binder was optimized to achieve the
highest density. The optimized composition was 7% agar, 4% glycerin, and 89% water.
The specimens in each sample composition experienced some compositional fluctuations
over time. There was no strong time dependence, however, so this was unlikely to be a
segregation issue. The overall average filler concentration was higher than expected for
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•[29]
0[30]
0[14]
= [16]
A [18]
X [13]

Composite Density / Matrix Density
Figure 9: The strength and density of several MMSF materials from this work and the
literature [13], [14], [16], [18], [29], [30], where each composite’s strength was
normalized by the average strength of the matrix material and each composite density
was normalized by the density of the matrix material for the sake of comparison. Note
that some literature values were estimated from figures to the best of the author’s ability.

each sample. The binder burnout procedure left 0.11% ± 0.08% carbon remaining in the
specimens, a reasonably low amount. The silica particles were well-dispersed in
specimens, indicating good mixing during injection molding. The yield strength of the
material was within the optimal range for a lightweight structural composite.
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APPENDIX

The concentration of each component in each specimen was required to be
calculated. The components were as follows: copper, silica, water, additives, matrix
porosity, and sphere porosity. The porous silica contained on average 45% porosity, and
this was kept separate from the matrix porosity. The data used to find these values was
the mass and volume measurements at each stage of post-processing. The stages were
wet, dry, and sintered. In each stage, the components were different. For example, there
was no water in the samples after the drying stage. Equations A1.1 to A1.6 show the
equations generated for each mass and volume measurement. The density of each
component was also assumed to be known. The density of the components was assumed
to be known, per Table 1, and assuming that the porous silica was 45% porosity, the
density of water was 1 g/cm3 and the density of the additives was also 1 g/cm3. This
calculation also assumes that the pores in the porous silica completely filled with binder
during the wet stage. To calculate the volume of sphere porosity after drying, Equations
A1.7 and A1.8 were used.
Mw = MCu + Msm + Mwater + Madd

Equation A1.1

VW

Equation A1.2

^Cu +

^water + Vadd + ^Wmp

Md = MCu + MSm + Madd
Kd

^Cu +

^add + ^Dmp + ^Dsp

Equation A1.3
Equation A1.4

Ms = MCu + MSm

Equation A1.5

Vs = VCu + Vsm + Vsmp

Equation A1.6

Pps = (PsmVsm')/ (VTsp + VSM)

Equation A1.7
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^Dsp

^Tsp Kv/ ( ^add + Kv)

Equation A1.8

where M, V, and p represent mass, volume, and density, respectively. Subscripts W, D, S,
Cu, SM, water, and add represent wet, dry, sintered, copper, silica material, water, and
additives. Xmp andXsp represents matrix porosity and sphere porosity where X can be
W, D, S, or T (total).
It was assumed that the matrix porosity in subsequent stages depended on the
previous stage. Equations A1.9 and A1.10 show these relationships. Notably, all sphere
porosity was assumed to be converted to matrix porosity as the sphere porosity collapsed
during sintering.
^Dmp
^Smp

^

^water + ^Wmp + ^extra
Dmp + ^Tsp ^ Kr/ ( ^add + Vw) + Vadd)

Equation A1.9
Equation A1.10

where A represents the extent to which the matrix densified during the sintering
operation. In the 0% P-S sample, this value was found to be 18.0 ± 0.807 %. This value
was assumed to be constant across all specimens. Equations A1.1 through A1.10 were
used to calculate the concentration of each component in each injection molded
specimen.
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IV. INFLUENCE OF FILLER MATERIAL AND VOLUME FRACTION ON
COPPER MATRIX SYNTACTIC FOAMS

Myranda Spratt, Joseph W. Newkirk
Materials Science and Engineering Department, Missouri University of Science and
Technology, Rolla, MO 65409

ABSTRACT

Syntactic foams are composite materials with hollow filler materials embedded in
the matrix. Metal matrix syntactic foams have lightweight structural applications due to
their high stiffness and strength to weight ratio. Two fillers were investigated in this
work, both with a copper matrix material. The two fillers were selected to be as different
as possible to contrast their influence on the properties of the syntactic foam. The foams
were made using injection molding with an aqueous binder. Porous silica syntactic foams
were made with 5, 10, and 15 volume percent filler, and Hollow alumina syntactic foams
were made with 10, 30, and 50 volume percent filler. Characterization of the samples
after processing found that both filler materials were compatible with the process and the
matrix material, though the porous silica powder out-performed the hollow alumina.
Mechanical testing included three-point bending and Charpy impact testing. The porous
silica improved the specific elastic properties of the copper more than the hollow alumina
particles. The alumina bubble at 10% filler maximized the impact energy absorption of
the samples tested.
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1. INTRODUCTION

Syntactic foam materials combine two material design techniques - composites
and foams. Syntactic foams have no matrix material requirements, but the filler must be a
porosity-containing particle. The filler is usually a hollow particle, but it can also be
porous. The porous filler - usually a ceramic or glass - provides the joint benefits of
porosity and the filler material such as decreased density and increased stiffness. [1], [2]
If the filler is sufficiently bonded to the matrix, load partitioning between the matrix and
the filler will occur [3]. For that reason, MMSFs tend to perform better than metal foams
in that they have higher strength and stiffness to weight ratios [1], [4]-[8]. MMSFs are
also operational at higher temperatures than many composite materials, such as carbon
fiber composites [9]. The energy absorption capabilities of MMSF materials are quite
promising as well. The reinforcement of the porosity in the MMSF microstructure helps
to absorb energy during failure of these materials [10], [11].
Despite the properties that MMSFs show, they are not widely utilized. Syntactic
foams can be designed for specialty applications where complex behaviors are needed,
though for metal matrix syntactic foams (MMSFs) these applications are generally only
theoretical at this time. Proposed applications include lightweight armor [12], lightweight
electronic packaging (due to superior EM shielding) [13], biomedical implants (Timatrix, primarily) [14], [15], and more. However, they are difficult to manufacture. The
hollow spheres used as the filler material have a necessarily low density in comparison to
the matrix material, often well below 1 g/cm3. They are therefore buoyant and float
during processing unless constrained or kept in motion. Methods of mitigating the
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segregation issue include using binders as in injection molding [16], [17] or rapid casting
and solidification as in stir casting [11], [18], [19]. Mixing apparaus used to keep spheres
from floating can also fracture them, another potential problem. Material compatibility
with the matrix and the processing temperatures can also impede manufacturability
Often, the casting or sintering temperature of the matrix material will allow deleterious
reactions to occur to the filler. These can include the filler itself melting, corrosion of the
filler by the matrix material, or unwanted interfacial reactions [1], [4], [8], [11], [20]-[25]
Typical filler materials used in MMSF manufacturing are hollow glass spheres,
naturally occurring or by-product materials, ceramic hollow spheres, and expanded clay
particles [20], [26]-[32]. Some researchers also use metal hollow spheres [12], [33]. A
cost-benefit analysis of the more typical types of filler material was performed by
Szlancsik et al [34]. The glass spheres and naturally occurring or by-product materials
(which usually have a glassy component) are inexpensive. They are available in average
particle sizes of less than 100 microns, which can benefit may processes. However, they
tend to melt at temperatures low enough to preclude the use of high sintering or melting
temperature matrix materials such as steel [21], [35]-[37] Glasses also tend to rapidly
corrode in contact with molten metals such as aluminum [3], [31], [38]. Ceramic hollow
spheres are less likely to melt or otherwise react negatively with the matrix material.
However, the available ceramic spheres are usually above 100 microns in size, usually on
the order of millimeters [1], [34], [39]. So, the feasible choices in filler are limited to
those that will be compatible with the matrix material, the process, and will meet design
criteria.
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Injection molding is one method of manufacturing metal matrix syntactic foams
[16], [30], [40]. This process, and powder metallurgy processes in general, are not often
utilized in the literature to make MMSF materials. Metal powders are expensive and labscale injection molding machines are not widely available. There are a few major benefits
to this process, however, that merit its investigation. First, the composition of the
composite is entirely designable. Second, the binder will retard segregation of the filler
and matrix. Finally, sintering temperatures are lower than casting temperatures. High
melting temperature alloy matrix materials, or uncastable alloys, can be used with this
method. The downside is that sintering often takes much longer than the rapid cooling of
pressure infiltration or stir casting. In this method, the filler has to withstand high
temperature and densification pressures for a significant time. Many filler materials glass or glass-containing hollow spheres - tend to melt or diffuse into the matrix at the
required sintering temperatures. Refractory ceramic hollow particles that are available
will not typically melt at the required temperatures. However, these tend to be quite large,
which may make injection molding difficult.
In this work, two filler materials - one glass and one ceramic - were paired with a
copper matrix. The influence of the filler material on the manufacturability and properties
of the MMSF was analyzed. Low-pressure injection molding was used to manufacture
the samples. The two fillers were selected to be as different as possible - the size,
porosity distribution, and material of these fillers were on opposing extremes. The copper
matrix was selected as a high-density metal with a sintering temperature higher than
aluminum, but lower than the melting temperature of the glass filler. The high-density
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metal contrasts with the low-density filler to allow small volume fractions of filler to
have a significant influence on the composite density.

2. EXPERIMENTAL PROCEDURE

In this experiment, copper matrix syntactic foams were prepared from powder
using two different filler materials. The gas atomized pure copper powder was
manufactured by Royal Metal Powders Inc. No sintering aids were added to this powder.
Porous silica (P-S) powder from Mo-Sci Corp was one filler material. This powder was
spherical with 45% porosity, per the manufacturer. The porosity in this powder was
distributed throughout each particle. Alumina bubble (AB) from Washington Mills was
the second filler. These particles were hollow, as is typical of syntactic foam filler
material. The density and average cell wall size of the alumina bubble particles was not
given by the manufacturer. The density was measured directly by mounting AB powder
in epoxy and grinding the spheres to approximately the center of the average particle size.
ImageJ software was used to measure the cell wall thickness and particle size of the AB
particles from SEM images. This data was then used to calculate the average density of
the AB powder. Powder characterization also included particle size distribution via
scanning electron microscope (SEM) for each material. The powders were imaged, and
then automated software was used to determine the diameter of each particle in each
image for up to 10,000 particles per powder. The powder was prepared for imaging by
brushing a small (<1g) sample of the powder over a carbon dot. The non-conductive
powders were then sputter-coated with palladium.
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Seven syntactic foam compositions were injection molded in a Peltsman MIGL28 low-pressure injection molding machine. The volume percent of filler and copper of
each sample as input into the machine is listed in Table 1, as is the solids loading of each
sample. The MIGL-28 uses a reservoir with an attached paddle mixer to combine the
binder and powders. Gas pressure is applied to the reservoir which pushes the material
through a thin tube, through an orifice, and into the mold. The reservoir, tube, and orifice
are heated individually. In this experiment, the temperature was held at 85 °C for each
sample. The gas pressure was held for 30 seconds per specimen, and the specimens were
demolded after 1 to 2 minutes. A water-cooled 10 x 6.5 x 60 cm rectangular mold was
used.

Table 1: The solids loading, filler, and copper volume percent of each sample as input
into the injection molding machine.
S a m p le

0% Filler
5% P-S
10% P-S
15% P-S
10% AB
30% AB
50% AB

% Solids Loading
55%
51%
44%
44%
54%
53%
56%

% Filler
0%
5%
10%
15%
12%
24%
55%

% Copper
100%
95%
90%
85%
88%
76%
45%

A water-based gel binder was used in this experiment. The composition was 7%
agar, 4% glycerin, and 89% water. The solids loading of each composition started at
60%, and was adjusted as necessary to achieve an injection moldable viscosity. The
slurry was mixed for 1 hour after the last adjustment. Thirty rectangular specimens were
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injection molded from each sample. Each specimen was labeled in the order they were
injection molded.
Post-processing binder burnout and sintering steps occurred for each sample in
separate runs with the same equipment. Each specimen was measured for mass and
volume during each post-processing stage. The mass was measured using a laboratory
balance, and the volume was measured geometrically using calipers. The stages were
‘wet’, ‘dry’, and ‘sintered’. The wet stage occurred just after injection molding. In the
‘dry’ stage, the samples were placed in a 120 °C furnace for 12 hours to remove water
from the binder. The remaining binder was removed in a binder burnout step before the
sintering procedure. Binder burnout occurred at 450 °C for 1 hour under flowing air. The
samples were then ramped at 2°C/min to 1000 °C under flowing argon. They were held at
the sintering temperature for 10 hours.
The samples were characterized before mechanical testing. The extent of binder
segregation over time during injection molding was determined by calculating the mass
loss of each specimen from the wet to the sintered stage. Equation 1 was used to
determine this value for each specimen. A regression analysis was then used to determine
if the binder separated from the solids. Segregation between the filler and copper powder
was done by a regression analysis of the sintered relative density versus time. The
relative density was found by Equations 2 and 3. Microstructural analysis of the sintered
samples was done with extra specimens which were injection molded after the thirty test
specimens were made. The specimens were mounted in bakelite and ground down to the
midpoint of the width of the specimens. EDS mapping was done for the copper-porosity,
copper-silica, and copper-alumina interfaces to determine if interfacial reactions or
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detectable diffusion occurred between the materials. The particle size of the porous silica
particles in the copper matrix was measured using the same automated feature analysis
used to characterize the powder.
Mioss

(Mwet

^sintered)/'^wet

Equation 1

where MioSS is the percent mass lost after sintering, Mwet is the mass at the wet stage, and
Msintered is the mass at the sintered stage of each specimen.
Prelative

Pspecimen'Ptheoretical

Equation 2

where preiative is the relative density, pspecimen is the specimen density, and ptheoreticai is the
theoretical density calculated from Equation 3.
Pstage

2 Pcomponents * V^components

Equation 3

where the subscript stage indicates the wet, dry, or sintered stage of processing, the
subscript components indicates the components present in the stage of processing, and
V% indicates volume percent.
Two mechanical tests were performed on the samples. The specimens in each
sample were split into two sets of fifteen randomly. The dimensions of the samples were,
on average, 54 ± 2.7 x 8.6 ± 0.49 x 6.1 ± 0.31 mm. One set of fifteen for each sample was
tested by three-point bending. ASTM C1161 was used as a guide. The samples were
tested without machining. A fully-articulating fixture was used in this test, which was
required due to slight warpage in some of the specimens. Test configuration B was used
with a support span of 40 mm and a load span of 20 mm. A strain rate of 0.5 mm/min was
utilized for each test. The yield strength and modulus of each sample were determined by
visual basic for excel (VBA) code. The second set of fifteen specimens for each sample
was tested via notched Charpy impact testing. ASTM E23 was used as a guide. The
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samples were not machined before use and did not comply with the standard size for a
Charpy specimen. They therefore cannot be truly compared to other Charpy impact tests
beyond this paper. The notch was the standard V-notch. Due to the nature of the
composite samples, the surface finish standard was not followed. The filler particle size
was larger than the surface finish requirements in both cases. Absorbed energy was
recorded for each specimen from the machine’s digital readout.

3. RESULTS AND DISCUSSION

3.1. POWDER CHARACTERIZATION
The particle size distribution of each powder is shown in Figure 1. Each bin of the
histogram counts the number of particles greater than the label and less than the next bin
size. Figure 1.a is the copper powder size distribution. The copper had an average particle
size of 7.0 ± 4.3 microns and a median particle size of 6.0 microns. Figure 1.b is the
alumina bubble histogram. The AB powder had an average particle size of 343.1 ± 225.0
microns and a median particle size of 278.9 microns. There were significant fragments of
spheres in this powder, which contributed to the data’s skew to the left. The powder had
the widest distribution of the three powders, and it had the largest average size. Figure 1.c
shows the porous silica powder size distribution. The average particle size of the P-S
powder was 12.0 ± 6.0 microns, and the median size was 11.1 microns. This powder was
approximately double the copper powder in size, and the distributions had a similar
shape. Figure 2 shows SEM images of each powder. All the powders were spherical. On
close inspection, the AB particles appear to be comprised of fine alumina particles, as
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shown in Figure 2.d. The fine alumina particles were not fully densified with significant
porosity in the cell walls. Figure 3 is one of the SEM images used to measure the average
diameter and wall thickness of the AB particles. On average, the density was 1.36 ± 0.39
g/cm3. The large standard deviation appears to arise from the fact that the wall thickness
was relatively constant (33 ± 14 |im) regardless of the particle size. Further, the density
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Figure 2: SEM images of the three powders - a) copper, b) silica, c) and d) alumina show the morphology and relative size of the powders.

calculation assumed that the cell walls were fully dense alumina, which was not the case.
The 1.36 g/cm3 value for density was used to determine filler volume percent for the AB
syntactic foam specimens.

3.2. SAMPLE CHARACTERIZATION
Table 2 shows the wet and sintered density and relative density of each sample.
The standard deviation for each average is included. The wet density was higher than
expected overall, which indicates that that expected amount of binder and/or filler was
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Figure 3: The cross-sections of AB powder particles were used to determine the density
of the AB powder.

not present in the part or that the filler density was incorrect. Both options likely occurred
to some degree. The expected filler density could have changed if particles filled with
binder or copper particles during mixing or if the AB powder contained fragments. The
P-S particles, not being hollow, would retain their density upon fragmenting unless all
pores were exposed. The AB particles are hollow thin-walled porous shells made from
very fine alumina particles. The average size of the pores in the cell wall was 6 ± 7
microns, which is approximately the same size as the copper powder. So, copper particles
can also easily enter the AB particles, as could the binder. The porous silica could have
absorbed some binder as well from surface connected porosity, increasing their effective
density. The amount of binder in the samples was measurable quantity that was corrected
in the theoretical density calculation in Table 3. This was done by comparing the mass
after the wet stage and after the sintering stage. Then the actual volume percent of the
binder was found and used to calculate a new theoretical wet density for each sample.
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This was used to find a new relative wet density. The samples are closer to 100% overall
with this correction. The remaining error is likely attributable to the filler density. In this
case, it seems the porous silica was less suceptable to filler density error than the alumina
bubble. It likely has less fragments and did not fill with copper or binder to the extent of
the AB particles.

Table 2: The density and relative density for each stage and sample are shown with their
standard deviation.
S a m p le

0%
Filler
5% P-S
10% P
S
15% P
S
10%
AB
30%
AB
50%
AB

Wet
Density
(g/cm3)
5.84 ± 0.07
5.42 ± 0.04
4.36 ± 0.05
4.64 ± 0.04
5.7 ± 0.36
5.39 ± 0.13
4.32 ± 0.32

Relative
Density
109% ±
1.28%
111% ±
0.87%
104% ±
1.22%
115% ±
0.9%
119% ±
7.49%
127% ±
3.09%
138% ±
10.08%

Sintered
Density
Relative
(g/cm3)
Density
7.44 ± 0.12
83% ±
1.29%
7.49 ± 0.15
87% ±
1.77%
6.59 ± 0.26
80% ±
3.14%
6.44 ± 0.21
82% ±
2.71%
7.4 ± 0.27
92% ±
3.32%
6.79 ± 0.13
95% ±
1.85%
4.26 ± 0.2
89% ±
4.14%

Segregation during injection molding could occur over time and it could be a
relatively steady-state separation. Both the binder and the filler could separate from the
matrix during mixing. Table 3 shows the steady-state separation of the binder and solid
material for each sample, as calculated in the previous analysis. The amount of binder
that was in each sample, on average, after injection molding was less than the amount of
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binder that was expected for all samples. A regression analysis on each sample found that
over time binder segregation occurred significantly in the samples with alumina bubble
particles. The effect size of this increase in binder amount over time was small overall.
The other samples did not show significant evidence of segregation of the binder over
time. Segregation of the filler was measured from the density of the sintered specimens
over injection molding timeThis analysis found no evidence of significant density
changes over time in all samples, indicating that the filler amount was constant. The
steady-state separation of the filler could not be measured, as there were too many
unknowns to calculate the actual volume percent of filler in each specimen.

Table 3: The volume percent of binder in each sample was used to calculate a more
accurate relative density for each sample.

0% Filler
5% P-S
10% P-S
15% P-S
10% AB
30% AB
50% AB

Input Volume %
Binder
45%
49%
56%
56%
46%
47%
44%

Actual Volume %
Binder
39%
41%
51%
51%
32%
36%
32%

New Wet Relative
Density
100%
100%
96%
106%
98%
110%
120%

The remaining filler porosity after sintering is an important metric to judge filler
quality. To measure this for the porous silica, the average size of the silica before
sintering and after was compared. The size of the particles decreased by 33%, on average.
The expected porosity in the PS particles was 45%, so 12% porosity remained in the
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silica on average. Some silica particles partially melted and wicked into nearby matrix
porosity, which caused the noted decrease in porosity. The alumina bubble porosity was
determined from SEM images, one of which is shown in Figure 4. The AB particles were
filled with copper particles, likely during injection molding. On average, the AB particles
contained 35% porosity, 34% alumina, and 30% copper. As the image shows, however,
some of the AB particles were filled with copper while others contained no copper
particles. Fragments of AB particles were also present in the microstructure. The AB
particles, in general, did not collapse and retained more porosity than the porous silica
after sintering. However, the AB particles were observed to have many fragmented
particles, while the porous silica did not.

1000 [im
Figure 4: Some of the AB particles in the copper matrix filled with copper powder.

In Table 2, the relative density of the samples after sintering is low, between 82%
and 95%. Matrix porosity is apparent in the microstructure, confirming that the matrix
did not densify sufficiently. EDS mapping of a 0% filler specimen, shown in Figure 5,
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shows the likely reason for the high amount of porosity. Oxygen was found surrounding
many of the pores in the specimen. This corrosion could have occurred during the waterremoval step or the binder-burnout step of the drying stage. In either case, the copper
oxide layer prevented densification of the matrix during sintering. The matrix of the
syntactic foam made in this experiment is functionally a low porosity copper foam rather
than a dense matrix. Further, Figure 5 shows the copper oxide coated some of the internal
pores in a pseudo-syntactic foam manner, creating almost in-situ ceramic hollow spheres.
The exact amount of copper oxide present in the samples is unknown, but it is not an
insignificant amount. This behavior could be further investigated in systems where the
oxide of the metal matrix is stiff and strong, such as alumina, as a method of creating
metal matrix syntactic foams without the need for added hollow spheres. For example,
Yu et. al. [41] investigated this method of making metal matrix syntactic foams with AlN
as the in-situ filler.
The filler-copper interfaces were EDS mapped in Figures 6 and 7. Figure 6 shows
the silica-copper microstructure. The EDS did not detect noticeable silica diffusion in the
copper matrix. However, the silica particles did appear to be surrounded by porosity,
possibly from the glass shrinkage that occurred. The particles in this microstructure
image did not fall out of the matrix during grinding and polishing, however, so they were
not loose. Figure 7 shows the alumina-copper interface. There was also no evidence of
alumina diffusion into the copper matrix.
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Figure 5: Elemental mapping of a 100% copper specimen shows the distribution of
copper and oxygen in the sample.

3.3. MECHANICAL TESTING
One purpose of metal matrix composites to which they are particularly suited, at
least theoretically, is lightweight structural materials. To that purpose, the elastic
properties of the composite are of particular interest. The specific flexural modulus and
specific 0.2% offset yield strength are shown in Figure 8. The porous silica filler
substantially improved the specific yield strength of the copper matrix. The alumina
bubble filler did not improve the specific yield strength, but they also did not negatively
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Figure 6: EDS map of the elements present in a P-S and copper specimen; elements are
indicated on the figure.

affect the specific yield strength, except for the 50% AB sample. The specific modulus
was neutrally or negatively affected by the filler. The AB samples decreased in specific
modulus as the filler amount increased. The P-S samples did not significantly change in
specific modulus as the volume percent filler increased.
There are models in the literature derived for foams that can be used to investigate
the modulus property trends further. Zhu et al [42] developed a model for open-celled
foams (Equation 1).
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Figure 7: EDS map of the elements present in an AB and copper specimen; elements are
indicated on the figure.

EC = ES * (^11009*p
)
+ 1.514 * p '

Equation 1

where Ec, Es, and p represent composite foam modulus, solid modulus, and relative
density, respectively. Because the copper matrix includes significant amounts of copper
oxide, the modulus of the copper matrix could not be taken from literature. The
experimentally determined modulus for the 100% copper sample was assumed to be
equal to Ec. Es was then calculated using the relative density of the sample. The Es of the

117

5

KTO Specific Modulus

4.5
o ^4

f

m

3
2.5
2 ±

s 1.5
s

ft

7.0
6.0

3.5
ft

• Specific Yield

8.0

T
i

1 1

bD

5.0
4.0

S

3.0

o

2.0

11

ft

0.5 4

1.0

0

0.0

GO

100% Cu 5% P-S 10% P-S 15% P-S 10% AB 30% AB 50% AB
Figure 8: The specific modulus and 0.2% offset yield strength for each sample, note that
modulus is in GPa and yield strength is in MPa.

was found to be 53.7 GPa, which is approximately half of the expected tensile modulus
for pure copper.
The solid modulus for the composite samples was calculated using two methods.
For the first method, rule of mixtures was used to calculate the modulus from the solid
components of the composite. The alumina was assumed to have a modulus of 375 GPa,
which is the expected modulus of pure alumina. The silica was assumed to have a
modulus of 73 GPa, which is the modulus of dense SiO2 glass. In this method, the
theoretical density of the composite was used to calculate the relative density of the
material. This method of calculating the modulus assumes that the filler material assumed
some of the load, though it does not necessarily account for the internal nature of the
filler porosity. The second method used to calculate Ec was to assume that Es is equal to
the copper matrix alone. In this method, the theoretical density used to calculate the
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Figure 9: The specific modulus of the porous silica and alumina bubble samples
contrasted with a model for metal foams by Zhu et al [42].

relative density for each sample assumed the filler material had a density of zero. Figure
9 shows the results of the models when compared to the porous silica and alumina bubble
samples. The porous silica samples remained between the models. This indicates that
load partitioning to the silica did occur, though not as much as could have been. This is
likely due to the porosity surrounding the silica particles in the matrix. The alumina

119

bubble samples match reasonably with the model where Es was assumed to be equal to
the copper matrix. This indicates that little to no load transfer occurred in these samples
during the elastic part of the test.
The results of the notched Charpy impact testing can be seen in Figure 10. The
porous silica particles negatively impacted absorbed energy. The 10% AB sample
improved the absorbed energy and the specific absorbed energy significantly. The 30%
AB sample improved specific absorbed energy, and the absorbed energy was similar to
the 0% filler sample. The 50% AB sample had the lowest absorbed energy of any sample.
These results indicate that the alumina bubble particles imparted some impact resistance
to the copper matrix at low volume fraction AB. When the AB particles began to form a
continuous network (beyond 30% AB), the impact resistance decreased.

4. CONCLUSIONS

Two filler materials were used to create two sets of copper matrix syntactic
foams. The volume percent of each filler increased over three increments - 5, 10, and
15% for the porous silica filler and 10, 30, and 50% for the alumina bubble filler. A
control sample with no filler was also made. The two fillers were different in size,
material, and porosity distribution. The copper powder had an average particle size of 7.0
± 4.3 microns. The AB powder had an average particle size of 343.1 ± 225.0 microns.
Finally, the porous silica powder had an average particle size of 12.0 ± 6.0
microns. The alumina bubble cell walls were not dense, and the cell wall porosity
allowed copper particles to enter the internal porosity. This resulted in an after-sintering
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Figure 10: The absorbed energy of each sample

inter-particle porosity of approximately 34%, down from 66%. The porous silica partially
melted and wicked into nearby porosity. This resulted in an inter-particle porosity of
approximately 12%, down from 45%. All the samples contained significant matrix
porosity with a copper oxide coating the pore surfaces. The flexural yield strength and
modulus and the Charpy impact energy were tested for all seven samples. The porous
silica increased the specific yield strength of the syntactic foam as more filler was added
to the matrix. The sample yield strength increased from 4.9 ± 0.44 MPa/g*cm-3 at 0%
filler to 7.0 ± 0.43 MPa/g*cm-3 at 15% P-S. The alumina bubble samples’ specific yield
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did not depend on the filler amount. The specific moduli of the porous silica samples also
did not appear to significantly depend on the filler amount. The specific modulus of the
alumina bubble samples decreased with filler amount. The moduli were compared to an
open-cell foam model, using two methods of calculating the moduli. The porous silica
particles did appear to take on some of the load, according to the model. The impact
testing results showed that of the samples tested, the absorbed energy maximized at 10%
AB. The porous silica particles negatively affected absorbed energy.
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SECTION

2. CONCLUSIONS AND FUTURE WORK

In this dissertation, lightweight structures were designed, fabricated,
characterized, and their mechanical properties evaluated. A honeycomb lattice structure
and copper matrix syntactic foams were focused on in this work. The honeycomb lattice
structure is a 2D periodic cellular structure. This structure was manufactured using
powder bed selective laser melting from 304L, an austenitic stainless steel. The copper
matrix syntactic foams were manufacturing using an injection molding process. A waterbased binder was optimized for this process. Two fillers were compared to each other, a
porous silica filler and an alumina bubble filler.
The honeycomb lattice structure was evaluated in the as-built condition. Four
honeycomb samples were printed, with the wall thickness increasing from 0.2 to 0.5 mm
in 0.1 mm increments. The processing parameters used in this experiment were optimized
already to reduce porosity in the material but not for thin features. The quality of the
samples after building was analyzed by determining the extent of dimensional mismatch.
The dimensional mismatch was caused primarily by particles welded to the surfaces of
the honeycomb. The effective wall thickness of the honeycombs was increased by these
particles. The wall thickness of the honeycomb was shown to significantly affect the
strength of the material. This work was done to support model validation work by
Anandan et al [30] and Hussein et al [85].
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Part of the model validation work involved finding the solid compression
properties of SLM 304L steel. During compression testing of the material, anisotropic
plastic deformation behavior was observed. Research into this phenomenon led to a
microstructure feature that has previously received little attention from the literature. This
feature, the melt pool boundary, is unique to additively manufactured material. It forms a
continuous network throughout the as-built material. This network was modeled using 3D
software to better visualize the network and calculate the concentration of the melt pool
boundary network (MPBN) in various orientations through the material. The
concentration of the MPBN was correlated to yield strength data in various build
orientations. Overall, the yield strength decreased linearly with increasing MPBN
concentration. The anisotropic plastic deformation was also linked to the concentration of
the MPBN. Directions that deformed more strongly than other directions under the same
load had higher MPBN concentration.
The lattice structure work could be extended in several ways. Property predication
via finite element analysis of the honeycomb structure would be improved by using the
effective wall thickness or by adding a variable wall thickness to the model. The
dimensional analysis work could be the basis for this improvement. This work also
highlights an important way of improving dimensional accuracy for thin-walled
structures. For thin features, the melt pool width and overlap set the strut size or wall
thickness that can be printed. This limit can be applied to future lattice structure unit
cells. The melt pool boundary network analysis can be extended to other materials and
scan pattern to see if the correlations found here hold true.
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Copper matrix syntactic foams were binder injected molded with a custom binder.
The binder was a water-based gel. The binder composition was optimized using a 3component mixture model for maximum relative density. The optimized composition was
7% agar, 4% glycerin, and 89% water. Three samples were made with 5, 10 and 15
volume percent porous silica filler. A 0% filler sample was also made. The copper matrix
syntactic foams did not show significant evidence of segregation during injection
molding, and the binder was removed with little remaining carbon (0.11% ± 0.08%). The
matrix porosity in the samples was high (>10%) due to oxidation of the copper at the pore
surfaces. The mechanical properties of the syntactic foams increased with decreasing
density, which is ideal for these materials.
The final study compared the porous silica filler to an alumina bubble filler. The
two fillers were selected to be extremely different so as to contrast the influence they had
on the foam properties. The alumina bubble powder had an average particle size over 35
times larger than the copper powder, and the silica powder was double the size of the
copper. The porous silica spheres had distributed porosity, while the alumina particles
were thin-walled shells with porous walls. The porous shell walls allowed copper powder
to enter some alumina particles, reducing internal porosity. The copper had a sintering
temperature lower than the melting temperature of both materials. The silica did soften
during sintering, which partially collapsed some of its porosity. The alumina did not
noticeably react with the copper during sintering. The copper-alumina bubble syntactic
foams improved the impact resistance over the copper-only sample at 10% alumina
bubble. The porous silica samples did not improve impact resistance. The specific yield
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strength of the porous silica increased with decreasing density. The alumina bubble’s
specific yield strength stayed relatively constant with decreasing density.
The metal matrix syntactic foam development started in this dissertation could be
extended in several ways. The binder that was developed could be used in other metalfiller systems, in particular. This work could also be scaled-up to industrial-sized
injection molding machines. During this experiment, pores in the matrix material were
found to have an oxide coating which impeded densification. This could be a method of
making in-situ metal matrix composites. Future work could include using this binder
system to make in-situ MMSF materials with a metal matrix that has a high strength
oxide material, such as aluminum. The impact of the filler materials on different matrix
materials could also be explored.
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